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(57)  Apparatuses and methods for providing addi-
tional drive to multilevel signals representing data are
described. An example apparatus includes a first driver
section, a second driver section, and a third driver sec-
tion. The first driver section is configured to drive an
output terminal toward a first selected one of a first
voltage and a second voltage. The second driver section
configured to drive the output terminal toward a second
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selected one of the first voltage and the second voltage.
The third driver section configured to drive the output
terminal toward the first voltage when each of the first
selected one and the second selected one is the first
voltage. The third driver circuit is further configured to be
in a high impedance state when the first selected one and
the second selected one are different from each other.
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Description
BACKGROUND

[0001] The pursuit of making computing systems more
faster and more power efficient has led to advancement
in interface communications to improve throughput with-
out increasing. and ideally reducing, energy consump-
tion. Often, as clock speeds increase, adesire toincrease
data transition times on interface busses to match the
faster clock speeds exists. Future double datarate (DDR)
dynamic random-access memory (DRAM) performance
targets will soon exceed DRAM transistor switching cap-
abilities. Some systems have implemented multi-level
(e.g., more than two levels) signaling architectures to
increase throughput over an interface bus.

[0002] A challenge with multilevel signaling in high
speed, high bandwidth, low power memory systems is
non-idealities that negatively affect system performance,
for example, with regards to signal voltage levels, signal
voltage margins. An example is the inability for signal
drivers to fully drive the voltage levels of the multilevel
signals to a high supply voltage or to a low supply voltage
within a data period due to non-ideal performance of the
circuits (e.g.. pull-up and pull-down transistors) of the
signal drivers. Variations in power, temperature, and
fabrication process may further degrade system perfor-
mance. As a result, the voltage range for the multilevel
signals is reduced, which decreases the voltage margins
for the different voltage levels. More generally, the signal
drivers may be unable to adequately drive the multilevel
signals to the correct voltage levels, which may result in
data errors.

SUMMARY

[0003] Apparatuses and methods for providing addi-
tional drive to multilevel signals representing data are
disclosed herein. An example apparatus according to an
embodiment of the disclosure may include: a first driver
section that may drive an output terminal toward a first
selected one of a first voltage and a second voltage; a
second driver section that may drive the output terminal
toward a second selected one of the first voltage and the
second voltage; and a third driver section that may drive
the output terminal toward the first voltage when each of
the first selected one and the second selected one is the
first voltage, the third driver circuit further configured to be
in a high impedance state when the first selected one and
the second selected one are different from each other.

[0004] Another example apparatus according to an
embodiment of the disclosure may include: a driver circuit
that may provide an output signal at a node responsive to
a plurality of input signals, a boost circuit including a
transistor coupled to the node and a supply voltage, when
activated the boost circuit may provide additional drive to
change the voltage of the node; and a boost control circuit
that may provide a signal to activate the boost circuit
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based on the logic levels of the plurality of input signals.
Each of the plurality of input signals may have a respec-
tive logic level, and the output signal may have a voltage
representing the logic levels of the plurality of input
signals.

[0005] Another example apparatus according to an
embodiment of the disclosure may include: adriver circuit
that may provide at a node an output signal having a
voltage indicative of a value of the data represented by a
plurality of input bitstreams; a boost circuit that may be
coupled to the node and may couple a supply voltage to
the node when activated by an active boost signal; and a
boost control circuit that may provide the boost signal to
activate the boost circuit responsive to the data repre-
sented by the plurality of input bitstreams changing from a
first value to a second value different from the first value.
[0006] An example method according to an embodi-
ment of the disclosure may include steps of: driving at a
node of a driver circuit a multilevel output signal having a
voltage indicative of data represented by logic levels of
bits of a plurality of bitstreams: and additionally driving the
node with a boost circuit responsive to the logic levels of
the bits of the plurality of bitstreams.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007]

Figure 1 is a block diagram of an apparatus accord-
ing to an embodiment of the present disclosure.
Figure 2A is a block diagram of an apparatus for a
multilevel communication architecture according to
an embodiment of the disclosure. Figure 2B is a
block diagram of an apparatus for a multilevel com-
munication architecture according to an embodi-
ment of the disclosure.

Figure 3 is a schematic drawing of a signal driver
according to an embodiment of the disclosure.
Figure 4A is a schematic diagram of a boost control
circuitaccording to an embodiment of the disclosure.
Figure 4B is a schematic diagram of a boost control
circuit according to an embodiment of the disclosure.
Figures 5A-5C are diagrams showing operation of a
signal driver according to various embodiments of
the disclosure.

Figure 6 is a schematic diagram of an input circuit for
aboost control circuit according to an embodiment of
the disclosure.

Figure 7A is a schematic diagram of a pull-up logic
circuit for a boost control circuit according to an
embodiment of the disclosure. Figure 7B is a sche-
matic diagram of a pull-down logic circuit for a boost
control circuit according to an embodiment of the
disclosure.

Figure 8 is a timing diagram showing various signals
during operation of a signal driver according to an
embodiment of the disclosure.

Figure 9A is a schematic diagram of a pull-up logic
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circuit for a boost control circuit according to an
embodiment of the disclosure. Figure 9B is a sche-
matic diagram of a pull-down logic circuit for a boost
control circuit according to an embodiment of the
disclosure.

Figure 10 is a timing diagram showing various sig-
nals during operation of signal driver according to an
embodiment of the disclosure.

Figure 11 is a schematic diagram of a signal driver
according to an embodiment of the disclosure.
Figure 12 is a schematic diagram of an input circuit
for a boost control circuit according to an embodi-
ment of the disclosure.

Figure 13A is a schematic diagram of a pull-up logic
circuit for a boost control circuit according to an
embodiment of the disclosure. Figure 13B is a sche-
matic diagram of a pull-down logic circuit for a boost
control circuit according to an embodiment of the
disclosure.

Figure 14 illustrates a portion of a memory according
to an embodiment of the disclosure.

DETAILED DESCRIPTION

[0008] Certain details are set forth below to provide a
sufficient understanding of examples of the disclosure.
However, it will be clear to one having skill in the art that
examples of the disclosure may be practiced without
these particular details. Moreover, the particular exam-
ples of the present disclosure described herein should
not be construed to limit the scope of the disclosure to
these particular examples. In other instances, well-
known circuits, control signals, timing protocols, and
software operations have not been shown in detail in
order to avoid unnecessarily obscuring the disclosure.
Additionally, terms such as "couples" and "coupled"
mean that two components may be directly or indirectly
electrically coupled. Indirectly coupled may imply that two
components are coupled through one or more intermedi-
ate components.

[0009] Figure 1is ablock diagram of an apparatus 100
according to an embodiment of the present disclosure.
The apparatus 100 may include a first device 110 that
communicates with a second device 120 over an inpu-
t/output (1/0) bus. The first device 110 may include an I/O
interface circuit 112 that includes signal driver 114 and
receiver and decoder circuit 116 for communication over
the 1/0 bus. The second device 120 may include an 1/O
interface circuit 122 that includes signal driver 124 and
receiver and decoder circuit 126 for communication over
the 1/O bus. The I/O bus may support a multilevel com-
munication architecture that includes a plurality of chan-
nels. In some embodiments, each channel may be sin-
gle-ended and may include a single signal line. In other
embodiments, each channel may include more than one
signal line. In one embodiment, the first device 110, the
second device 120, and the I/O bus may support a
channel that includes conversion of M bitstreams to N
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multilevel signals, where M is greater than N.

[0010] A bitstream includes a plurality of bits provided
serially, wherein each bit of the bitstream is provided over
a period of time, that may be referred to as a data period.
For example, a first bit is provided for a first period, and a
second bit is provided for a second period following the
first period, and a third bit is provided for a third period
following the second period, and so on. The successive
bits provided in this serial manner represent a stream of
bits. The corresponding bits of each bitstream for a data
period represents data M bits wide. The N multilevel
signals may be transmitted over the I/O bus. Each multi-
level signal is provided over a data period having a
voltage corresponding to one of multiple voltage levels
(e.g., 2 different voltage levels, 4 different voltage levels,
8 different voltage levels, etc.), where each of the multiple
voltage levels represents different data. In one example,
3 bit streams may be converted to 2 tri-level signals. In
another example, pulse-amplitude modulation (PAM)
may be used to convert 2, 3, or 4 bitstreams into a single
multilevel signal having 4, 8, 16, etc., levels.

[0011] In some examples, the first device 110 may
include a memory controller or processing system and/or
the second device 120 may include a memory, including
volatile memory and/or non-volatile memory. In some
examples, the second device 120 may include a dynamic
random access memory (DRAM), such as a double-data-
rate (DDR) DRAM or a low power DDR DRAM. It should
be noted, however, that a memory is not a necessary
component of the disclosure. Rather, the disclosure may
be applied to any two or more devices, on or off-chip, that
communicate with one another using multilevel signaling.
[0012] The signal driver 114 may include circuitry that
applies a bitstream conversion to a set of M bitstreams to
generate N multilevel signals and drives the N multilevel
signals as channels on the I/O bus. Similarly, the signal
driver 124 may include circuitry that applies a bitstream
conversion to a set of M bitstreams to generate N multi-
level signals and drives the N multilevel signals as chan-
nels on the I/0 bus. In some examples, the signal driver
114 may include modifications to existing DDR drivers to
drive the multilevel signals onto the channels of the I/O
bus.

[0013] For each channel, the receiver and decoder
circuit 116 may include decoders configured to recover
the set of M bitstreams by decoding the N multilevel
signals received via the channels of the I/O bus as
provided by the signal driver 124. Further, the receiver
and decoder circuit 126 may include decoders configured
to recover the set of M bitstreams by decoding the N
multilevel signals received via the channels of the I/0 bus
as provided by the signal driver 114. In some embodi-
ments, the receiver and decoder circuit 116 and the
receiver and decoder circuit 126 may include compara-
tors and decoding logic to recover the set of M bitstreams.
[0014] Inoperation, the firstdevice 110 and the second
device 120 may communicate over the |/O bus to transfer
information, such as data, addresses, commands, etc.
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While the I/0O bus is shown to be bidirectional, the 1/0 bus
may also be a unidirectional bus. The I/O interface circuit
112 and I/O interface circuit 122 may implement a multi-
level communication architecture. In a multilevel com-
munication architecture, data is sent over a channel
during a data period. Data may include a single value
on a signal line of a channel, or may be a combination of
values provided on a plurality of signal lines of a channel.
The data may represent a channel state. A receiver may
determine an output signal value based on the value
transmitted on the signal line(s) of a channel. In a sin-
gle-ended architecture, the signal line value may be
compared against one or more reference values to de-
termine the output signal value. A receiver has a time
period to determine and latch the output signal value from
the time the output signal transitions to the current value
to the time the output signal transitions to the next value.
The transition time may be determined based on a clock
signal, as well as a setup and hold time based on a
transition from one value to another. In a multilevel com-
munication architecture with a fixed slew rate or fixed
rise/fall times, inherent jitter may occur due to differing
magnitude shifts (e.g.. from VHto VL vs. from VMID to VH
or VL. The amount of jitter may be based on the slew rate,
the rise/fall times, the multilevel magnitudes values, or
combinations thereof. In some examples, the transition
times may also be affected by process, voltage, and
temperature variations.

[0015] In an example, the signal driver 114 may gen-
erate data for a channel by converting a bit from each of
the M bitstreams during a data period into N multilevel
signals. The data may be transmitted to the receiver and
decoder circuit 126 via N signal lines of the I/O bus. The
receiver and decoder circuit 126 may detect levels on the
N signal lines and decode the levels to retrieve the bit
from each of the M streams. By using multilevel signal
lines, more data can be transmitted during a data period
as compared with using binary signal line levels. In an
example, M is 3 and N is 2, and the signal lines of the /O
bus are capable of being driven to three independent
voltage levels. In another example. Mis2and Nis 1, and
the signal lines of the I/O bus are capable of being driven
to four independent voltage levels (e.g., in a PAM im-
plementation). Communication protocol between the sig-
nal driver 124 and the receiver and decoder circuit 116
may be similar to the communication protocol between
the encoder and signal driver 114 and the receiver and
decoder circuit 126. The signal driver 114 may include a
DRAM driver that has been segmented to drive multiple
(e.g., more than 2) voltage levels on a signal line.
[0016] Figure 2Ais a block diagram of an apparatus for
a multilevel communication architecture according to an
embodiment of the disclosure. The apparatus may in-
clude a signal driver 214 coupled to a receiver 226 via an
I/0O bus. The signal driver 214 may be implemented in the
signal driver 114 and/or the signal driver 124 of Figure 1
and the receiver 226 may be implemented in the receiver
and decoder circuit 116 and/or the receiver and decoder
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circuit 126 of Figure 1.

[0017] Thessignaldriver 214 may include a driver circuit
240. The driver circuit 240 may receive bitstreams IN<1>
and IN<0> and drive an output signal OUT in response.
The IN<1>and IN<0> bitstreams may represent a stream
of two-bitdata. The output signal OUT driven by the driver
circuit 240 is based on the IN<1> and IN<0> bitstreams.
For example, the signal may be a multilevel signal re-
presenting data of the IN<O> and IN<1> bitstreams. In
some embodiments of the disclosure, the driver circuit
240 may include one or more signal line drivers having a
pull-up (e.g., p-type) transistor coupled in series with a
pull-down (e.g., n-type) transistor. A source of the pull-up
transistor is coupled to a high supply voltage and the
source of the pull-down transistor is coupled to a low
supply voltage. In some embodiments, the high supply
voltage is 1.2 Vand the low supply voltage is ground. The
output signal OUT is provided ata common node to which
the pull-up and pull-down transistors are coupled. Gates
of the pull-up and pull-down transistors of the driver circuit
240 are provided with the IN<1>and IN<0> bitstreams. In
other embodiments of the disclosure, the driver circuit
240 may be implemented using other configurations.
[0018] The signal driver 214 further includes a boost
control circuit 244 and a boost circuit 246. The boost
control circuit 244 provides control signals to control the
boost circuit 246 according to the IN<0> and IN<1> bit-
streams. The boost circuit 244 may be controlled to
provide increased pull-down capability and/or increased
pull-down capability for the driver circuit 240 based on
current data of the IN<O> and IN<1> bitstreams.

[0019] Thereceiver 226 may include comparator block
250 coupled to a decoder 260. The comparator 250 may
be configured to receive the signal from the 1/0 bus and
provide Z0-Zn signals (n is a whole number) to the
decoder 260. The comparator block 250 may include
circuits (not shown in Figure 2A) configured to compare
the signal from the I/O bus against reference signals to
provide the Z0-Zn signals. For example, the comparator
block 250 may include comparators that compare the
OUT signal from the 1/0 bus against various reference
signals to provide the Z0-Zn signals. The decoder 260
may include logic to generate the bitstreams RX<0> and
RX<1> based on the Z0-Zn signals from the comparator
block 250. The RX<0> and RX<1> bitstreams may be
logical equivalents of data transmitted by the IN<0> and
IN<1> bitstreams. The RX<0> and RX<1> bitstreams
may represent a stream of two-bit received data.
[0020] In operation, the IN<O> and IN<1> may be bit-
streams to be transmitted over the 1/0 bus. Rather than
send each bitstream on a separate signal line, the signal
driver 214 may provide a signal based on the IN<0> and
IN<1> bitstreams to be transmitted over a signal line
using a multilevel signal. For example, the signal driver
214 may receive the IN<0> and IN<1> bitstreams, and
during each data period, the driver circuit 240 may drive
the signal line of the 1/0 bus with a voltage that will be
used by the receiver 226 to provide the RX<0> and
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RX<1> bitstreams. The multilevel signal may be used to
represent data of the IN<0> and IN<1> bitstreams using
fewer signal lines than one signal line per bitstream. For
example, as in the embodiment of Figure 2A, data of the
IN<0>and TN<1> bitstreams are provided to the receiver
226 on fewer than two signal lines (e.g., one signal on the
I/O bus rather than one signal line for the IN<O> bitstream
and another signal line for the IN<1> bitstream). Although
Figure 2Aillustrates operation with bitstreams IN<0>and
IN<1> for providing bitstreams RX<0> and RX<1>, the
number of bitstreams may be different in other embodi-
ments of the disclosure. For example, in some embodi-
ments of the disclosure, a third bitstream IN<2> may also
be provided to the signal driver 214 in addition to the
IN<0> and IN<1> bitstreams and a multilevel signal may
be provided over the 1/0O bus representing the data from
the IN<0>, IN<1>, and IN<2> bitstreams. Such embodi-
ments are within the scope of the present disclosure.
[0021] Figure 3 is a schematic drawing of a signal
driver 300 according to an embodiment of the disclosure.
The signal driver 300 may be used for a multilevel signal
architecture implementing pulse-amplitude modulation
(PAM). The signal driver 300 may be used as the signal
driver 214 in embodiments of the disclosure.

[0022] The signal driver 300 includes a driver circuit
including six signal line drivers coupled to a common
node that is an output. The output may represent an
output terminal. Each of the signal line drivers are
coupled to a high supply voltage (e.g., VDDQ) and to a
low supply voltage (e.g., VSSQ). The driver circuit may be
a driver in a DRAM, such as a double data rate (DDR)
DRAM driver. In some embodiments of the disclosure,
each of the signal line drivers has an impedance of 240
ohms. The driver circuit may include a first driver section
320 and a second driver section 330 configured to drive
an output signal OUT to a common node to which the first
and second driver sections 320 and 330 are coupled. A
signal line may be coupled to the common node. The
output signal OUT driven by the first and second driver
sections 320 and 330 may be based on IN<1>and IN<0>
bitstreams, which may be provided to the signal line
drivers of the driver circuit. The output signal OUT may
be a multilevel signal representing data of the IN<1>and
IN<O> bitstreams that drives the I/O bus. In some embo-
diments of the disclosure, "1" data is represented by the
IN<1> signal or IN<O> signal having a voltage of 1.2V,
and "0" data is represented by the IN<1> signal or IN<0>
signal having a voltage of 0 V. However, other voltage
levels may be used to represent the "1" and "0" data in
other embodiments of the disclosure.

[0023] The first driver section 320 may include four
signal line drivers coupled to the common node, each
controlled responsive to the IN<1> bitstream. Each signal
line driver may include a pull-up (e.g., p-type) transistor
and a pull-down (e.g., n-type) transistor. The complement
ofthe IN<1> bitstream is provided to the gates of the pull-
up and pull-down transistors by an inverter circuit that
receives the IN<1> bitstream. The second driver section
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330 may include two signal line drivers coupled to the
common node, each controlled responsive to the IN<0>
bitstream, and each signal line driver may include a pull-
up (e.g., p-type) transistor and a pull-down (e.g., n-type)
transistor. The complement of the IN<0> bitstream is
provided to the gates of the pull-up and pull-down tran-
sistors by an inverter circuit that receives the IN<0> bit-
stream. In an embodiment of the disclosure where each
signal line driver has an impedance of 240 ohms, the first
driver section 320 has an effective impedance of 60
ohms, the second driver section 330 has an effective
impedance of 120 ohms. With each of the signal line
drivers having the same impedance, the signal line dri-
vers have the same drive strength.

[0024] The signal driver 300 further includes a boost
circuit 346 that receives control signals BoostHi and
BoostLo from boost control circuit 344. The boost control
circuit 344 includes logic circuits and provides control
signals BoostHi and BoostLo to the boost circuit 346
based on the IN<O> and IN<1> bitstreams. In some
embodiments of the disclosure, a BoostHi signal or Boos-
tLo signal having the high logic level is represented by a
signal of 1.2 V. and a BoostHi signal or BoostLo signal
having the low logic level is represented by a signal of 0 V.
However, other voltage levels may be used to represent
the "1" and "0" data in other embodiments of the disclo-
sure.

[0025] The boost circuit 346 is coupled to the common
node and includes a pull-up (e.g., p-type) transistorand a
pull-down (e.g., n-type) transistor, which are controlled by
the BoostHi and BoostLo signals, respectively. The boost
circuit 346 may also be referred to as another driver
section of the driver circuit. The complement of the
BoostHi signal is provided to the gate of the pull-up
transistor by an inverter circuit that receives the BoostHi
signal. In the embodiment of Figure 3, the BoostHi signal
provided by the boost control circuit 344 is active when at
a high logic level to activate the pull-up transistor and the
BoostLo signal is active when at a high logic level to
activate the pull-down transistor. When activated by an
active BoostHi signal from the boost control circuit 344,
the pull-up transistor provides additional drive to pull up
the level of the signal line. Similarly, when activated by an
active BoostLo signal from the boost control circuit 344,
the pull-down transistor provides additional drive to pull
down the level of the signal line. As previously discussed,
in an embodiment of the disclosure where each signal
line driver has an impedance of 240 ohms, the first driver
section 320 has an effective impedance of 60 ohms, the
second driver section 330 has an effective impedance of
120 ohms. The boost circuit 346 would have an impe-
dance of 240 ohms. As a result, the first driver section
320, second driver section 330, and boost circuit (e.g.,
third driver section) have different drive strengths from
one another.

[0026] As will be described in more detail below, the
pull-up transistor of the boost circuit 346 may be activated
when the IN<1> and IN<0> bitstreams represent data



9 EP 4 550 332 A2 10

corresponding to a voltage level of a high supply voltage
(e.g., representing data "11"), and the pull-down transis-
tor may be activated when the IN<1> and IN<0> bit-
streams represent data corresponding to a voltage level
of a low supply voltage (e.g., representing data "00").
While Figure 3 shows the boost circuit 346 as including
one pull-up transistor and one pull-down transistor, in
other embodiments of the disclosure, the boost circuit
346 may include a greater number of pull-up and/or pull-
down transistors. Thus, the embodiment of Figure 3 is not
intended to limit boost circuits, or more generally, driver
circuits, to embodiments having the specific configura-
tion shown in Figure 3.

[0027] Inoperation, the signal driver 300 may drive the
OUT signal responsive to the IN<1> and IN<O> bit-
streams. The IN<1> and IN<0> bitstreams are provided
tothe signalline drivers of the driver sections 320 and 330
to provide an output signal OUT having an appropriate
voltage for the multilevel signal, for example, using PAM
to convert a plurality of bitstreams into a multilevel signal.
[0028] In some embodiments of the disclosure, PAM4
is used to convert two bitstreams (e.g., the IN<1> and
IN<O> bitstreams) into an OUT signal having one of four
different voltage levels. The IN<1> bitstream may be
provided to the signal line drivers of the first driver section
320 and the IN<O> bitstream may be provided to the
signal line drivers of the second driver section 330.
The resulting output signal will have one of four different
voltages corresponding to the data of the IN<1> and
IN<O> bitstreams. For example, where a current data
ofthe IN<1>and IN<0> bitstreamsis a"00", the pull-down
transistors of both the driver sections 320 and 330 are
activated to drive (e.g., pull down) the common node to
the low supply voltage to provide an output signal OUT
having the voltage of the low supply voltage. Additionally,
as previously described, a current data of "00" also
causes the pull-down transistor of the boost circuit 346
to provide additional drive to pull down the common node
to the low supply voltage. Where a current data of the
IN<1> and IN<0> bitstream is a "11", the pull-up transis-
tors of both the driver sections 320 and 330 are activated
todrive (e.g., pull up) the common node to the high supply
voltage to provide an output signal OUT having the
voltage of the high supply voltage. Additionally, as pre-
viously described, a current data of "11" also causes the
pull-up transistor of the boost circuit 346 to provide addi-
tional drive to pull up the common node to the high supply
voltage. As illustrated by the example, the pull-up tran-
sistor of the boost circuit 346 is activated to drive the
common node to the high supply voltage when the first
and second driver sections 320 and 330 drive the com-
mon node to the high supply voltage. Similarly, the pull-
down transistor of the boost circuit 346 is activated to
drive the common node to the low supply voltage when
the firstand second driver sections 320 and 330 drive the
common node to the low supply voltage.

[0029] For current data of the IN<1> and IN<O> bit-
stream is a "01", the pull-down transistors of the driver
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section 320 are activated and the pull-down transistors of
the driver section 330 are activated to provide a voltage to
the common node that results in an output signal OUT
having an intermediate-low voltage. Lastly, for current
data of the IN<1> and IN<0> bitstream is a "10", the pull-
up transistors of the driver section 320 are activated and
the pull-down transistors of the driver section 330 are
activated to provide a voltage to the common node that
results in an output signal OUT having an intermediate-
high voltage. For a current data of "01" or "10", that is,
where the first and second driver sections 320 and 330
are driving the common node to different supply voltages,
neither the pull-up nor pull-down transistors of the boost
circuit 346 are activated to provide any additional drive to
change the voltage of the common node. With both the
pull-up and pull-down transistors of the boost circuit 346
deactivated, the boost circuit 346 is in a high-impedance
state.

[0030] While the first driver section 320, the second
driver section 330, and the boost circuit 346 are shown in
Figure 3 as including p-type pull-up transistors and n-type
pull-down transistors. That is, the pull-up and pull-down
transistors have different conductivity types. In other
embodiments of the disclosure, the first driver section
320, the second driver section 330, and the boost circuit
346 may include n-type pull-up transistors, or a combina-
tion of p-type and n-type pull-up transistors. In embodi-
ments of the disclosure using n-type pull-up transistors,
which are activated by a high logic level signal (e.g.,
having the high supply voltage), the logic level of the
signals provided to gates of the n-type pull-up transistors
will have a complementary logic level to signals provided
tothe gates of p-type pull-up transistors. A signal having a
complementary logic level may be provided by using an
inverter circuit.

[0031] Figure 4A is a schematic diagram of a boost
control circuit 410 according to an embodiment of the
disclosure. The boost control circuit 410 may be included
in the boost control circuit 344 of the signal driver 300 of
Figure 3 in some embodiments of the disclosure. The
boost control circuit 410 may control the boost circuit 346
to provide additional drive capability to the driver sections
320 and 330 drive the common node to provide a voltage
level of the high supply voltage (e.g., when the IN<1>and
IN<0> bitstreams represent "11" data). The boost control
circuit 410 includes an AND logic circuit that receives the
IN<1> and IN<0> bitstreams and provides the BoostHi
signal resulting from a logic AND operation of the IN<1>
and IN<0> bitstreams.

[0032] In operation, the boost control circuit 410 pro-
vides an active BoostHi signal (e.g., active when a high
logic level) when the current data represented by the
IN<1> and IN<0> bitstreams is "11", which causes the
signal driver 300 to provide the output signal OUT having
the voltage of the high supply voltage (e.g., current data
of the IN<1> and IN<0> bitstreams is "11"). That is, with
the IN<1>a"1"and the IN<0>a "1", the high logic level of
the IN<1> bitstream is provided to the line drivers of the
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first driver section 320 to cause the pull-up transistors to
be activated and the high logic level of the IN<O> bit-
stream is provided to the line drivers of the second driver
section 330 to cause the pull-up transistors to be acti-
vated. As aresult, the common node to which the firstand
second driver sections 320 and 330 are coupled is pulled
up to the voltage of the high supply voltage. Additionally,
the high logic levels of the IN<1> and IN<0> bitstreams
are provided to the AND logic circuit of the boost control
circuit 410 and a logical AND operation is performed to
provide an active (e.g.. a high logic level) BoostHi signal.
The pull-up transistor of the boost circuit 346 is activated
by the active BoostHi signal to provide additional drive to
further pull up the common node to the voltage of the high
supply voltage. Thus, as illustrated by the example op-
eration, the pull-up transistor of the boost circuit 346 is
activated to assist in pulling up the common node when
the output signal OUT is to be provided having the voltage
of the high supply voltage.

[0033] Figure 4B is a schematic diagram of a boost
control circuit 420 according to an embodiment of the
disclosure. The boost control circuit 420 may be included
in the boost control circuit 344 of the signal driver 300 of
Figure 3 in some embodiments of the disclosure. The
boost control circuit 420 may control the boost circuit 346
to provide additional drive capability to the driver sections
320 and 330 drive the common node to provide a voltage
level of the low supply voltage (e.g., when the IN<1> and
IN<O> bitstreams represent "00" data). The boost control
circuit 420 includes an exclusive OR (XOR) logic circuit
430 thatreceives the IN<1>and IN<0> bitstreams and an
inverter circuit 440 that receives the IN<0> bitstream. The
signals provided by the XOR logic circuit 430 and the
inverter circuit 440 are provided to an AND logic circuit
450 which provides the BoostLo signal resulting from a
logic AND operation of the signals provided by the XOR
logic circuit 430 and the inverter circuit 440.

[0034] In operation, the boost control circuit 420 pro-
vides an active BoostLo signal (e.g., active when a high
logic level) when the current data represented by the
IN<1> and IN<0O> bitstreams is a "00", which causes the
signal driver 300 to provide the output signal OUT having
the voltage of the low supply voltage (e.g., current data of
the IN<1> and IN<0> bitstreams is "00"). That is, with the
IN<1>a "0" and the IN<0> a "0", the low logic level of the
IN<1> bitstream is provided to the line drivers of the first
driver section 320 to cause the pull-down transistors to be
activated and the low logic level of the IN<0> bitstream is
provided to the line drivers of the second driver section
330 to cause the pull-down transistors to be activated. As
a result, the common node to which the first and second
driver sections 320 and 330 are coupled is pulled up to the
voltage of the low supply voltage. Additionally, the low
logic levels of the IN<1> and IN<0> bitstreams are pro-
vided to the XOR logic circuit 430 of the boost control
circuit 420 and the IN<O> bitstream is provided to the
inverter circuit 440. The outputs of the XOR logic circuit
430 and the inverter circuit 440 are provided to the AND
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logic circuit 450, and a logical NAND operation is per-
formed to provide an active (e.g., a high logic level)
BoostLo signal. The pull-down transistor of the boost
circuit 346 is activated by the active BoostLo signal to
provide additional drive to further pull down the common
node to the voltage of the low supply voltage. Thus, as
illustrated by the example operation, the pull-down tran-
sistor of the boost circuit 346 is activated to assist in
pulling down the common node when the output signal
OUT s to be provided having the voltage of the low supply
voltage.

[0035] Figure 5Ais a diagram showing operation of the
first and second driver sections 320 and 330, and the
boost circuit 346, of the signal driver 300 for driving a load
that is terminated to a high supply voltage (e.g., VDDQ)
according to an embodiment of the disclosure. In such a
situation, a typical signal driver may not fully drive an
output signal OUT to alow supply voltage (e.g., VSSQ, as
shown as "w/o Boost"). The high supply voltage may
represent a high logic level (e.g., "11") output signal
OUT and the low supply voltage may represent a low
logic level (e.g., "00") output signal OUT in some embodi-
ments of the disclosure. The inability for the signal driver
to fully drive the output signal OUT to the high supply
voltage may be due to, for example, variations in circuit
performance. The variation in circuit performance may be
due to variations in the process when fabricating the
circuits, variations in the supply voltages powering the
circuits, and/or operating temperature of the circuits. As a
result, actual circuit performance may deviate from ideal
circuit performance. By not fully driving the output signal
OUT to the low supply voltage, the voltage margin be-
tween the different voltage levels representing the differ-
ent data is reduced, which may be more susceptible to
data errors.

[0036] AsshowninFigure 5A (as shown as "w/Boost"),
the boost circuit 346 may be used to assist driving the
output signal OUT. In particular, the pull-down transistor
of the boost circuit 346 may be used to provide additional
drive to fully drive the output signal OUT to the low supply
voltage when the signal driver 300 provides an output
signal OUT having a low logic level. As previously de-
scribed, the pull-down transistor of the boost circuit 346
may be activated by an active BoostLo signal, which may
be provided by boost control circuit (e.g., boost control
circuit 344). The BoostLo signal may be active when the
signal driver 300 is driving a low logic level output signal
OUT.

[0037] Figure 5B is a diagram showing operation of the
first and second driver sections 320 and 330, and the
boost circuit 346, of the signal driver 300 for driving a line
terminated load according to an embodiment of the dis-
closure. In such a situation, a typical signal driver may not
fully drive an output signal OUT to either a high or low
supply voltage (e.g., VDDQ or VSSQ, as shown as "w/o
Boost"). The high supply voltage may represent a high
logic level (e.g., "11") output signal OUT and the low
supply voltage may represent a low logic level (e.g.,
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"00") output signal OUT in some embodiments of the
disclosure. As previously described, the inability for the
signal driver to fully drive the output signal OUT to the
high supply voltage may be due to, for example, varia-
tions in circuit performance. The variation in circuit per-
formance may be due to variations in the process when
fabricating the circuits, variations in the supply voltages
powering the circuits, and/or operating temperature of
the circuits. As a result, actual circuit performance may
deviate from ideal circuit performance. As further de-
scribed, by not fully driving the output signal OUT to
either of the high or low supply voltages, the voltage
margin between the different voltage levels representing
the different data is reduced, which may be more sus-
ceptible to data errors.

[0038] AsshowninFigure 5B (as shown as "w/Boost"),
the boost circuit 346 may be used to assist driving the
output signal OUT. In particular, the pull-down transistor
of the boost circuit 346 may be used to provide additional
drive to fully drive the output signal OUT to the low supply
voltage when the signal driver 300 provides an output
signal OUT having a low logic level. Additionally, the pull-
up transistor of the boost circuit 346 may be used to
provide additional drive to fully drive the output signal
OUT to the high supply voltage when the signal driver 300
provides an output signal OUT having a high logic level.
As previously described, the pull-down transistor of the
boost circuit 346 may be activated by an active BoostLo
signal and the pull-up transistor of the boost circuit 346
may be activated by an active BoostHi signal. The Boos-
tLo and BoostHi signals may be provided by a boost
control circuit (e.g., boost control circuit 344). The Boos-
tLo signal may be active when the signal driver 300 is
driving a low logic level output signal OUT and the
BoostHi signal may be active when the signal driver
300 is driving a high logic level output signal OUT.
[0039] Figure5Cis adiagram showing operation of the
first and second driver sections 320 and 330, and the
boost circuit 346. of the signal driver 300 for driving a load
that is terminated to a low supply voltage (e.g., VSSQ)
according to an embodiment of the disclosure. In such a
situation, a typical signal driver may not fully drive an
output signal OUT to a high supply voltage (e.g., VDDAQ.
as shown as "w/o Boost"). The high supply voltage may
represent a high logic level (e.g., "11") output signal OUT
and the low supply voltage may representalow logiclevel
(e.g., "00") output signal OUT in some embodiments of
the disclosure.

[0040] AsshowninFigure 5C (as shown as "w/Boost"),
the boost circuit 346 may be used to assist driving the
output signal OUT. In particular, the pull-up transistor of
the boost circuit 346 may be used to provide additional
drive to fully drive the output signal OUT to the high supply
voltage when the signal driver 300 provides an output
signal OUT having a high logic level. As previously de-
scribed, the pull-up transistor of the boost circuit 346 may
be activated by an active BoostHi signal, which may be
provided by boost control circuit (e.g., boost control circuit
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344). The BoostHi signal may be active when the signal
driver 300 is driving a high logic level output signal OUT.
[0041] In some embodiments of the disclosure, the
boost circuit 346 may provide additional drive for data
corresponding to just one of the supply voltages. For
example, in some embodiments of the disclosure, data
corresponding to the low supply voltage is boosted, but
data corresponding to the high supply voltage is not. The
pull-up transistor of the boost circuit 346 may be disabled,
circuits for providing signals to activate a pull-up transis-
tor of the boost circuit 346 may not be included in the
boost control circuit, circuits for providing signals to acti-
vate a pull-up transistor of the boost circuit 346 may not
be enabled, or other approaches may be used to not
provide boost for data corresponding to the high supply
voltage. In other embodiments of the disclosure, the pull-
down transistor of the boost circuit 346 may be disabled,
so that data corresponding to the high supply voltage is
boosted, but data corresponding to the low supply vol-
tage is not. The pull-down transistor of the boost circuit
346 may be disabled, circuits for providing signals to
activate a pull-down transistor of the boost circuit 346
may notbe included in the boost control circuit, circuits for
providing signals to activate a pull-down transistor of the
boost circuit 346 may not be enabled, or other ap-
proaches may be used to not provide boost for data
corresponding to the low supply voltage. In some embo-
diments of the disclosure, the boost circuit 346 is acti-
vated to provide additional drive for data corresponding
to both the high supply voltage and the low supply vol-
tage. In such embodiments, the boost control circuit 410
and the boost control circuit 420 may be included to-
gether.

[0042] Figure 2B is a block diagram of an apparatus for
a multilevel communication architecture according to an
embodiment of the disclosure. The apparatus of Figure
2B is similar to the apparatus of Figure 2A, and conse-
quently, the same reference numbers are used in Figure
2B as in Figure 2A to identify the same components as
previously described. In contrast to the apparatus of
Figure 2A, the apparatus of Figure 2B includes a signal
driver 215 coupled to the receiver 226 via an I/0 bus. The
receiver 226 may be as previously described with refer-
ence to the apparatus of Figure 2A.

[0043] The signal driver 215 may be implemented in
the signal driver 114 and/or the signal driver 124 of Figure
1 and the receiver 226 may be implemented in the
receiver and decoder circuit 116 and/or the receiver
and decoder circuit 126 of Figure 1. The signal driver
215 may include an input circuit 243 that receives bit-
streams IN<1> and IN<0> and provides output signals to
a boost control circuit 245 and a driver circuit 240. The
driver circuit 240 may be as previously described with
reference to the apparatus of Figure 2A. The boost con-
trol circuit 245 provides control signals to control the
boost circuit 247 according to the output signals from
the input circuit 243. The boost circuit 247 may be con-
trolled to provide increased pull-down capability and/or
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increased pull-down capability for the driver circuit 240
based on currentdata of the IN<0>and IN<1> bitstreams.
[0044] In operation, the signal driver 215 may receive
the IN<0> and IN<1> bitstreams, and during each data
period, the driver circuit 240 may drive the signal line of
the I/0 bus with a voltage that will be used by the receiver
226 to provide the RX<0> and RX<1> bitstreams. The
multilevel signal may be used to represent data of the
IN<0> and IN<1> bitstreams using fewer signal lines than
one signal line per bitstream. Although Figure 2B illus-
trates operation with bitstreams IN<0> and IN<1> for
providing bitstreams RX<0> and RX<1>, the number
of bitstreams may be different in other embodiments of
the disclosure. For example, in some embodiments of the
disclosure, a third bitstream IN<2> may also be provided
to the signal driver 215 in addition to the IN<O>and IN<1>
bitstreams and a multilevel signal may be provided over
the 1/0 bus representing the data from the IN<0>, IN<1>,
and IN<2> bitstreams. Such embodiments are within the
scope of the present disclosure.

[0045] Figure 6 is a schematic diagram of an input
circuit 600 according to an embodiment of the disclosure.
The input circuit 600 may be included in the input circuit
243 of Figure 2B in some embodiments of the disclosure.
The input circuit 600 includes D flip-flop circuits 610 and
620, and D flip-flop circuits 640 and 660. The D flip-flop
circuit 610 receives the IN<1> bitstream and the D flip-
flop circuit 640 receives the IN<0> bitstream. The D flip-
flop circuit 610 and the D flip-flop circuit 640 are clocked
by a clock signal CLK, and the D flip-flop circuit 620 and
the D flip-flop circuit 660 are clocked by a clock signal
CLKF, which is the complement to the CLK signal. Thatis,
a rising edge of the CLK signal corresponds to a falling
edge of the CLKF signal, and a falling edge of the CLK
signal corresponds to a rising edge of the CLKF signal. In
some embodiments of the disclosure, the CLK signal
may be a system clock signal or a clock signal derived
from the system clock signal. The system clock signal
may be a clock signal provided to different circuits of a
larger system in order to synchronize operations, for
example, for providing data between the different circuits.
The D flip-flop circuits 610, 620, 640, and 660 may be
reset to provide an output having a known logic level
when an active reset signal RST is provided to the D flip-
flop circuits. The D flip-flop circuits 610, 620, 640, and 660
may be reset, for example, upon reset of the semicon-
ductor device, as part of a power up sequence, etc.
[0046] In operation, the D flip-flop circuit 610 latches a
current logic level of the IN<1> bitstream responsive to a
rising edge of the CLK signal and provides an output
signal D<1> having the same logic level as the latched
logic level. The D flip-flop circuit 620 latches the logic
level of the D<1> signal responsive to a rising edge of the
CLKF signal and provides an output signal IND<1> hav-
ing the same logic level as the latched logic level. Like-
wise, the D flip-flop circuit 640 latches a currentlogic level
of the IN<0> bitstream responsive to a rising edge of the
CLK signal and provides an output signal D<0> having
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the same logic level as the latched logic level. The D flip-
flop circuit 660 latches the logic level of the D<0> signal
responsive to a rising edge of the CLKF signal and
provides an output signal IND<0> having the same logic
level as the latched logic level. With reference to the CLK
signal, the IN<1> and IN<0> bitstreams are latched and
the D<1> and D<0> signals provided responsive to a
rising edge of the CLK signal, and the D<1> and D<0>
signals are latched and the IND<1> and IND<0> signals
are provided responsive to a falling edge of the CLK
signal (i.e., the rising edge of the CLKF signal). Thus,
the IND<1> and IND<0> signals have the logic levels of
the D<1> and D<0> signals delayed by one-half a clock
period of the CLK signal.

[0047] Figure 7A is a schematic diagram of a pull-up
logic circuit 700 according to an embodiment of the
disclosure. The pull-up logic circuit 700 may be included
in the boost control circuit 245 of Figure 2B in some
embodiments of the disclosure. The pull-up logic circuit
700 includes a NAND logic circuit 710 that receives the
D<1> and D<0> signals, for example, from the input
circuit 600, and provides an output signal IN_11F that
results from a NAND logic operation of the D<1> and
D<0> signals. The pull-up logic circuit 700 further in-
cludes a NAND logic circuit 720 that receives the
IND<1> and IND<0> signals, for example from the input
circuit600. The NAND logic circuit 720 provides an output
signal IND_11F resulting from a NAND logic operation on
the IND<1> and IND<0> signals to an inverter circuit 730.
The inverter circuit 730 provides an output signal IND_11
that is the complement of the IND_11F signal. A NOR
logic circuit receives the IN_11F signal from the NAND
logic circuit 710 and the IND_11 signal from the inverter
circuit 730 and provides an output signal PREPU that
resulting from a NOR logic operation.

[0048] In operation, the logic circuit 700 provides an
active PREPU signal (e.g., active high logic level) when
the data of the IN<1>and IN<0> bitstreams changes from
a previous value to a current data of "11". That is, where
the previous data represented by the IN<1> and IN<0>
bitstreamsis "00","01", or"10", and the data changesto a
current data of "11", the logic circuit 700 provides an
active PREPU signal. The logic circuit 700 provides
and inactive PREPU signal for other changes from a
previous data to a current data represented by the
IN<1> and IN<0> bitstreams. That is, the logic circuit
700 provides an inactive PREPU signal for the IN<1>and
IN<0> bitstreams changing from a previous data to cur-
rent data of "00", "01", or "10". The active PREPU signal
provided by the logic circuit 700 may be used to activate a
boost circuit, for example, the boost circuit 346 of the
signal driver 300, to provide additional drive to assist
driving the common node to the high supply voltage to
provide an OUT signal having a voltage of the high supply
voltage. As will be described in more detail below, the
PREPU signal is active for a portion of the data period of
the OUT signal. For example, in some embodiments of
the disclosure, the PREPU signalis limited to being active
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to assist the driving of the common node to the high
supply voltage.

[0049] The NAND logic circuit 710 provides a low logic
level IN_11F signal when D<1>and D<0> are both a high
logic level (i.e., resulting from the IN<1> and IN<O> bit-
streams representing a current data of "11"). The inverter
circuit 730 coupled to the NAND logic circuit 720 to
receive the IND_11F signal provides a low logic level
IND_11 when IND<1> and IND<0> are both a high logic
level (i.e., resulting from D<1>and D<0> both a high logic
level). Recall that the IND<1> and IND<0> are delayed
relative to D<1> and D<0>, for example, by one-half a
clock period of the CLK signal. The NOR logic gate
provides an active PREPU signal (e.g. active high logic
level) when the IN_11F and IND_11 signals have low
logic levels. As a result, the PREPU signal is active when
D<1>and D<0> are both at a high logic level, and for one-
half a clock cycle of the CLK signal following a rising edge
ofthe CLK signal. The PREPU signalis active for one-half
aclock cycle of the CLK signal because the one-half clock
cycle delay of the IND<1> and IND<0> relative to D<1>
and D<0> will result in the IND_11 signal being at a low
logic level while the IN_11F signal is at a low logic level
(from D<1> and D<0> both being a high logic level), but
for one-half a clock cycle of the CLK signal before both
IND<1> and IND<0> also become a high logic level
(resulting from the D<1> and D<0> both being at the high
logic level). As a result, the PREPU signal is active for
one-half a clock cycle of the CLK signal.

[0050] Figure 7B isaschematic diagram of a pull-down
logic circuit 750 according to an embodiment of the
disclosure. The pull-down logic circuit 750 may be in-
cluded in the boost control circuit 245 of Figure 2B in
some embodiments of the disclosure. The pull-down
logic circuit 750 includes a NOR logic circuit 760 that
receives the D<1> and D<0> signals, for example, from
the input circuit 600, and provides an output signal IN_00
that results from a NOR logic operation of the D<1> and
D<0> signals. The IN_00 signal is provided to an inverter
circuit 780. The inverter circuit 780 provides an output
signal IN_OOF thatis the complement of the IN_00 signal.
The pull-down logic circuit 750 further includes a NOR
logic circuit 770 that receives the IND<1> and IND<0>
signals, for example from the input circuit 600, and pro-
vides an output signal IND_00 resulting from a NOR logic
operation on the IND<1> and IND<0> signals. A NOR
logic circuit receives the IN_0OF signal from the inverter
circuit 780 and the IND_00 signal from the NOR logic
circuit 770 and provides an output signal PREPD that
resulting from a NOR logic operation.

[0051] In operation, the logic circuit 750 provides an
active PREPD signal (e.g., active high logic level) when
the data of the IN<1>and IN<0> bitstreams changes from
a previous value to a current data of "00". That is, where
the previous data represented by the IN<1> and IN<0>
bitstreamsis"01","10", or"11", and the data changes to a
current data of "00", the logic circuit 750 provides an
active PREPD signal. The logic circuit 750 provides
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and inactive PREPD signal for other changes from a
previous data to a current data represented by the
IN<1> and IN<0> bitstreams. That is, the logic circuit
750 provides an inactive PREPD signal for the IN<1>and
IN<0> bitstreams changing from a previous data to cur-
rent data of "01", "10", or "11". The active PREPD signal
provided by the logic circuit 750 may be used to activate a
boost circuit, for example, the boost circuit 346 of the
signal driver 300. to provide additional drive to assist
driving the common node to the low supply voltage to
provide an OUT signal having a voltage of the low supply
voltage. As will be described in more detail below, the
PREPD signal is active for a portion of the data period of
the OUT signal. For example, in some embodiments of
the disclosure, the PREPD signalis limited to being active
to assist the driving of the common node to the low supply
voltage.

[0052] The inverter circuit 780 coupled to the NOR
logic circuit 760 provides a low logic level IN_OOF signal
when D<1> and D<0> are both a low logic level. (i.e.,
resulting from the IN<1> and IN<0> bitstreams repre-
senting a current data of "00"). The NOR logic circuit 770
provides a high logic level IND_00 signal when IND<1>
and IND<0> are both a low logic level (i.e., resulting from
D<1> and D<0> both a low logic level). Recall that the
IND<1> and IND<0> are delayed relative to D<1> and
D<0>, for example, by one-half a clock period of the CLK
signal. The NOR logic gate 790 provides an active
PREPD signal (e.g. active high logic level) when the
IN_OOF and IND_Q0O signals have low logic levels. As a
result, the PREPD signal is active when D<1> and D<0>
are both at a low logic level, and for one-half a clock cycle
of the CLK signal following a rising edge of the CLK
signal. The PREPD signal is active for one-half a clock
cycle of the CLK signal because the one-half clock cycle
delay of the IND<1> and IND<0> relative to D<1> and
D<0> will result in the IND_00 signal being at a low logic
level while the IN_OOF signal is at a low logic level (from
D<1> and D<0> both being a low logic level), but for one-
half a clock cycle of the CLK signal before both IND<1>
and IND<0> also become a low logic level (resulting from
the D<1> and D<0> both being at the low logic level) and
the NOR logic circuit 770 provides a high logic level
IND_00. As a result, the PREPD signal is active for
one-half a clock cycle of the CLK signal.

[0053] In some embodiments of the disclosure, the
boost circuit 346 of the signal driver 300 is activated to
provide additional drive for data corresponding to both
the high supply voltage and the low supply voltage. In
such embodiments, the boost control circuit 700 and 750
may be used together to control the boost circuit 346.
[0054] Figure 8 is a timing diagram showing various
signals during operation of signal driver 300 with the input
circuit 600 and pull-up and pull-down logic circuits 700
and 750 according to an embodiment of the disclosure. In
the presentexample, the IND<1> signal is provided to the
firstdriver section 320 instead of the IN<1> bitstream and
the IND<0> signal is provided to the second driver section



19 EP 4 550 332 A2 20

330 instead of the IN<0> bitstream. The PREPU and
PREPD signals are provided to the boost circuit 346
instead of the BoostHi and BoostLo signals. In the ex-
ample of Figure 8, the output is terminated to a high
supply voltage, resulting in "11" data represented by
1.2V, "10" data represented by 1.0 V, "01" data repre-
sented by 0.8 V, and "00" data represented by 0.6 V.
Other embodiments of the disclosure may use other
voltage levels to represent the data values.

[0055] At time TO the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal (shown in Figure 8 as corresponding to a falling
edge of the CLKF signal) and the data of the IN<1> and
IN<O> bitstreams is latched to provide the D<1> and
D<0> signals. In the present example, the data at time
TOis "10". The D flip-flop 610 provides a high logic level
D<1> signal and the D flip-flop 640 provides a low logic
level D<0> signal (not shown in Figure 8) shortly after
time TO, At time T1, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal (corresponding to a falling edge of the CLK signal).
The high logic level of the D<1> signal is latched by the D
flip-flop 620 to provide a high logic level IND<1> signal
and the low logic level of the D<0> signal is latched by the
D flip-flop 660 to provide a low logic level IND<0> signal
(not shown in Figure 8) shortly after time T1. The IND<1>
and IND<0> signals are provided to the driver circuit 300
to cause the pull-up transistors of the first driver section
320to be activated and to cause the pull-down transistors
of the second driver section 330 to be activated, resulting
in providing an OUT signal having an intermediate-high
voltage (corresponding to output data of "10") at time TA.
Neither the pull-up nor pull-down transistors of the boost
circuit 346 are activated by the current data of "10".
[0056] At time T2 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. The data
at time T2 is "11". The D flip-flop 610 maintains a high
logic level D<1> signal and the D flip-flop 640 provides a
high logic level D<0> signal (not shown in Figure 8)
shortly after time T2. The NAND logic circuit 710 of the
pull-up logic circuit 700 provides a low logic level IN_11F
signal due to the high logic levels of the D<1> and D<0>
signals. With the IND_11 signal provided by the inverter
circuit 730 still at a low logic level from the previous data of
"10", the XOR logic circuit 740 provides an active PREPU
signal at time TB. The active PREPU signal activates the
pull-up transistor of the boost circuit 346 to provide addi-
tional drive to pull up the common node in providing the
OUT signal.

[0057] Attime T3, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The high logic level of the D<1> signal is latched
by the D flip-flop 620 to maintain a high logic level IND<1>
signal and the high logic level of the D<0> signal is
latched by the D flip-flop 660 to provide a high logic level
IND<0> signal (not shown in Figure 8) shortly after time
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T3. The IND<1> and IND<0> signals are provided to the
signal driver 300 to cause the pull-up transistors of the
first driver section 320 to be activated and to cause the
pull-up transistors of the second driver section 330 to be
activated, along with the activated pull-up transistor of the
boost circuit 346 that provides additional drive to the
common node. As a result, an OUT signal is provided
having a voltage of the high supply voltage (correspond-
ing to output data of "11") at time TC.

[0058] After the IND<1> and IND<O0> signals propa-
gate through the NAND logic circuit 720 and the inverter
circuit 730 of the pull-up logic circuit 700, the IND_11
signal switches to a high logic level, which causes the
XOR logic circuit 740 to provide an inactive PREPU
signal. The change of the PREPU signal to inactive
deactivates the pull-up transistor of the boost circuit
346. Thus, when the present data represented by the
IN<1> and IN<0> bitstreams is "11", the boost circuit 346
provides additional drive to pull up the common node to
the high supply voltage for a portion of the data period of
the OUT signal, for example, during the transition of the
OUT signal to the high supply voltage. The voltage of the
OUT signal changes during the transition from one vol-
tage level to another.

[0059] At time T4 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. The data
attime T4 is "00". The D flip-flop 610 provides a low logic
level D<1> signal and the D flip-flop 640 provides a low
logic level D<0> signal (not shown in Figure 8) shortly
after time T4. The inverter circuit 780 of the pull-down
logic circuit 750 provides a low logic level IN_OOF signal
when the NOR logic circuit 760 receives low logic level
D<1> and D<0> signals. At this time, the IND_00 signal
provided by the NAND logic circuit 770 is still at a low logic
level from the previous data of "11", which results in the
NOR logic circuit 790 providing an active PREPD signal
at time TD. The active PREPD signal activates the pull-
down transistor of the boost circuit 346 to provide addi-
tional drive to pull down the common node in providing
the OUT signal.

[0060] Attime T5, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The low logic level of the D<1> signal is latched by
the D flip-flop 620 to provide a low logic level IND<1>
signal and the low logic level of the D<0> signal is latched
by the D flip-flop 660 to provide a low logic level IND<0>
signal (not shown in Figure 8) shortly after time T5. The
IND<1> and IND<0> signals are provided to the signal
driver 300 to cause the pull-down transistors of the first
driver section 320 to be activated and to cause the pull-
down transistors of the second driver section 330 to be
activated, along with the activated pull-down transistor of
the boost circuit 346 that provides additional drive to the
common node. As a result, an OUT signal is provided
having a voltage of the low supply voltage (corresponding
to output data of "00") at time TE.
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[0061] After the IND<1> and IND<0> signals propa-
gate through the NOR logic circuit 770 of the pull-down
logic circuit 750. the IND_00 signal switches to a high
logic level, which causes the XOR logic circuit 790 to
provide an inactive PREPD signal. The change of the
PREPD signal to inactive deactivates the pull-down tran-
sistor of the boost circuit 346. Thus, when the present
data represented by the IN<1> and IN<0> bitstreams is
"00", the boost circuit 346 provides additional drive to pull
down the common node to the low supply voltage for a
portion of the data period of the OUT signal, for example,
during the transition of the OUT signal to the low supply
voltage. As previously described, the voltage of the OUT
signal changes during the transition from one voltage
level to another.

[0062] At time T6 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. The data
attime T6is "11". The D flip-flop 610 provides a high logic
level D<1> signal and the D flip-flop 640 provides a high
logic level D<0> signal (not shown in Figure 8) shortly
after time T6. The pull-up logic circuit 700 responds by
providing an active PREPU signal at time TF to activate
the pull-up transistor of the boost circuit 346 to provide
additional drive to pull up the common node in providing
the OUT signal.

[0063] Attime T7, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The high logic level of the D<1> signal is latched
by the D flip-flop 620 to provide a high logic level IND<1>
signal and the high logic level of the D<0> signal is
latched by the D flip-flop 660 to provide a high logic level
IND<0> signal (not shown in Figure 8) shortly after time
T7. The pull-up transistors of the first and second driver
sections 320 and 330 of the signal driver circuit 300 are
activated, along with the activated pull-up transistor of the
boost circuit 346 to drive the common node to the voltage
of the high supply voltage and provide an OUT signal
having a voltage of the high supply voltage (correspond-
ing to output data of "11") at time TG. After the IND<1>
and IND<0> signals propagate through the NAND logic
circuit 720 and the inverter circuit 730 of the pull-up logic
circuit 700, the IND_11 signal switches to a high logic
level and the XOR logic circuit 740 provides an inactive
PREPU signal. The inactive PREPU signal deactivates
the pull-up transistor of the boost circuit 346.

[0064] At time T8 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. The data
attime TOis "01". The D flip-flop 610 provides a low logic
level D<1> signal and the D flip-flop 640 provides a high
logic level D<0> signal (not shown in Figure 8) shortly
after time T8. At time T9, the D flip-flops 620 and 660 of
the input circuit 600 are clocked by a rising edge of the
CLKF signal. The low logic level of the D<1> signal is
latched by the D flip-flop 620 to provide a low logic level
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IND<1> signal and the high logic level of the D<0> signal
is latched by the D flip-flop 660 to provide a high logic level
IND<0> signal (not shown in Figure 8) shortly after time
T9. The IND<1> and IND<0> signals are provided to the
signal driver 300 to cause the pull-down transistors of the
first driver section 320 to be activated and to cause the
pull-up transistors of the second driver section 330 to be
activated, resulting in providing an OUT signal having an
intermediate-low voltage (corresponding to output data
of "01") at time TH. Neither the pull-up nor pull-down
transistors of the boost circuit 346 are activated by the
current data of "01".

[0065] Figure 9A is a schematic diagram of a pull-up
logic circuit 900 according to an embodiment of the
disclosure. The pull-up logic circuit 900 may be included
in the boost control circuit 245 of Figure 2B in some
embodiments of the disclosure. The pull-up logic circuit
900 includes a NAND logic circuit 910 that receives the
D<1> and INDF<1> signals. The input circuit 600 may
provide the D<1> signal, and the input circuit 600 may
further provide an IND<1> signal. The INDF<1> signal is
the complement of the IND<1> signal, and may be pro-
vided by an inverter circuit (not shown) that receives the
IND<1> signal from the input circuit 600 and provides the
INDF<1> signal. The NAND logic circuit 910 provides an
output signal ndpuO that results from a NAND logic
operation of the D<1> and INDF<1> signals. The pull-
up logic circuit 900 further includes NAND logic circuits
920 and 930. The NAND logic circuit 920 receives the
D<0>, INDF<1>, INDF<0> signals. The input circuit 600
may provide the D<0> signal, and the input circuit 600
may further provide a IND<0> signal. The INDF<0>
signal is the complement of the IND<O> signal, and
may be provided by an inverter circuit (not shown) that
receives the IND<0> signal from the input circuit 600 and
provides the INDF<0> signal. The NAND logic circuit 920
provides an output signal ndpu1 that results froma NAND
logic operation of the D<0>, INDF<1>, and INDF<0>
signals. The NAND logic circuit 930 receives the D<1>,
D<0>, and INDF<0> signals. The NAND logic circuit 930
provides an output signal ndpu?2 that results froma NAND
logic operation of the D<1>, D<0>, and INDF<0> signals.
A NAND logic circuit 940 receives the ndpu0, ndpul, and
ndpu2 signals from the NAND logic circuits 910. 920, and
930 and provides an output signal PREPU that results
from a NAND logic operation. The PREPU signal may be
used to control the pull-up transistor of the boost circuit
346.

[0066] In operation, the pull-up logic circuit 900 pro-
vides an active PREPU signal (e.g., active high logic
level) when the data of the IN<1> and IN<0> bitstreams
changes from a previous data to a current data that is
represented by a higher voltage than the previous data.
That is, where the previous data represented by the
IN<1> and IN<O> bitstreams is "00", the pull-up logic
circuit 900 provides an active PREPU signal for a current
data of "01", "10", and "11", where the previous data
represented by the IN<1> and IN<0> bitstreams is
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"01", the pull-up logic circuit 900 provides an active
PREPU signal for a current data of "10" and "11": and
where the previous data represented by the IN<1> and
IN<O> bitstreams is "10", the pull-up logic circuit 900
provides an active PREPU signal for a current data of
"11". The active PREPU signal provided by the logic
circuit 900 may be used to activate a boost circuit, for
example, the boost circuit 346 of the signal driver 300. to
provide additional drive to assist driving the common
node to a higher voltage to provide an OUT signal. As
will be described in more detail below, the PREPU signal
is active for a portion of the data period of the OUT signal.
Forexample, in some embodiments of the disclosure, the
PREPU signal is limited to being active to assist the
driving of the common node during a transition to a higher
voltage when changing to current data that is repre-
sented by a higher voltage than the previous data. That
is, the voltage of the OUT signal changes during the
transition from one voltage level to another.

[0067] Figure 9B is aschematic diagram of a pull-down
logic circuit 950 according to an embodiment of the
disclosure. The pull-down logic circuit 950 may be in-
cluded in the boost control circuit 245 of Figure 2B in
some embodiments of the disclosure. The pull-down
logic circuit 950 includes a NAND logic circuit 960 that
receives the IND<1> and DDF<1> signals. The input
circuit 600 may provide the IND<1> signal, and the input
circuit 600 may further provide a D<1> signal. The
DDF<1> signal is the complement of the D<1> signal,
and may be provided by an inverter circuit (not shown)
that receives the D<1> signal from the input circuit 600
and provides the DDF<1> signal. The NAND logic circuit
960 provides an output signal ndpdO0 that results from a
NAND logic operation of the DDF<1> and IND<1> sig-
nals. The pull-down logic circuit 950 further includes
NAND logic circuits 970 and 980. The NAND logic circuit
970 receives the IND<0>, DDF<1>, DDF<0> signals.
The input circuit 600 may provide the IND<0> signal,
and the input circuit 600 may further provide a D<0>
signal. The DDF<0> signal is the complement of the
D<0> signal, and may be provided by an inverter circuit
(not shown) that receives the D<0> signal from the input
circuit 600 and provides the DDF<0> signal. The NAND
logic circuit 970 provides an output signal ndpd1 that
results from a NAND logic operation of the IND<0>,
DDF<1>, and DDF<0> signals. The NAND logic circuit
980 receives the IND<1>, IND<0>, and DDF<0> signals.
The NAND logic circuit 980 provides an output signal
ndpd2 that results from a NAND logic operation of the
IND<1>, IND<0>, and DDF<0> signals. A NAND logic
circuit 990 receives the ndpd0. ndpd1. and ndpd2 signals
from the NAND logic circuits 960, 970, and 980 and
provides an output signal PREPD that results from a
NAND logic operation. The PREPD signal may be used
to control the pull-down transistor of the boost circuit 346.
[0068] In operation, the pull-down logic circuit 950
provides an active PREPD signal (e.g., active high logic
level) when the data of the IN<1> and IN<0> bitstreams
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changes from a previous data to a current data that is
represented by a lower voltage than the previous data.
That is, where the previous data represented by the
IN<1> and IN<0> bitstreams is "11", the pull-down logic
circuit 950 provides an active PREPD signal for a current
data of "00", "01", and "10"; where the previous data
represented by the IN<1> and IN<0> bitstreams is
"10", the pull-down logic circuit 950 provides an active
PREPD signal for a current data of "01" and "00": and
where the previous data represented by the IN<1> and
IN<0> bitstreams is "01", the pull-up logic circuit 950
provides an active PREPD signal for a current data of
"00". The active PREPD signal provided by the logic
circuit 950 may be used to activate a boost circuit, for
example, the boost circuit 346 of the signal driver 300, to
provide additional drive to assist driving the common
node to a lower voltage to provide an OUT signal. As will
be described in more detail below, the PREPD signal is
active for a portion of the data period of the OUT signal.
Forexample, in some embodiments of the disclosure, the
PREPD signal is limited to being active to assist the
driving of the common node during a transition to a lower
voltage when changing to current data that is repre-
sented by a lower voltage than the previous data. That
is, the voltage of the OUT signal changes during the
transition from one voltage level to another.

[0069] Figure 10 is a timing diagram showing various
signals during operation of signal driver 300 with the input
circuit 600 and pull-up and pull-down logic circuits 900
and 950 according to an embodiment of the disclosure. In
the presentexample, the IND<1> signal is provided to the
firstdriver section 320 instead of the IN<1> bitstream and
the IND<0> signalis provided to the second driver section
330 instead of the IN<0> bitstream. The PREPU and
PREPD signals are provided to the boost circuit 346
instead of the BoostHi and BoostLo signals. In the ex-
ample of Figure 10, the output is terminated to a high
supply voltage, resulting in "11" data represented by 1.2
V, "10" data represented by 1.0 V, "01" data represented
by 0.8 V, and "00" data represented by 0.6 V. Other
embodiments of the disclosure may use other voltage
levels to represent the data values.

[0070] At time TO the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal (shown in Figure 10 as corresponding to a falling
edge of the CLKEF signal) and the data of the IN<1> and
IN<O> bitstreams is latched to provide the D<1> and
D<0> signals. In the present example, the previous data
prior to time TO is "01" and the current data at time TO is
"10". Latching of the current data "10" results in the D flip-
flop 610 providing a high logic level D<1> signal and the D
flip-flop 640 providing a low logic level D<0> signal (not
shown in Figure 10) shortly after time TO. With reference
to the pull-up logic circuit 900, the INDF<1> is at a high
logic level and the INDF<0> signal is at a low logic level
based on the previous data due to the D flip-flops 620 and
660 of the input circuit not yet clocked by a rising edge of
the CLKF signal. As a result, the NAND logic circuit 940
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provides an active PREPU signal at time TA. The active
PREPU signal activates the pull-up transistor of the boost
circuit 346 to provide additional drive to pull up the
common node in providing the OUT signal. As previously
described, the boost circuit 346 is activated to assist with
driving the common node to a higher voltage when the
data of the IN<1> and IN<0> bitstreams changes from a
previous data to a current data that is represented by a
higher voltage than the previous data, such as in the
present example where the previous data was "01" and
the current data is "10".

[0071] Attime T1, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal (corresponding to a falling edge of the CLK signal).
The high logic level of the D<1> signal is latched by the D
flip-flop 620 to provide a high logic level IND<1> signal
(alsoresultingin alowlogiclevel INDF<1> signal)and the
low logic level of the D<0> signal is latched by the D flip-
flop 660 to provide a low logic level IND<0> signal (not
shown in Figure 10, also resulting in a high logic level
INDF<0> signal) shortly after time T1. The IND<1> and
IND<0> signals are provided to the signal driver 300 to
cause the pull-up transistors of the first driver section 320
to be activated and to cause the pull-down transistors of
the second driver section 330 to be activated, along with
the activated pull-up transistor of the boost circuit 346 that
provides additional drive to the common node. As a
result, an OUT signal is provided having an intermedi-
ate-high voltage (corresponding to output data of "10") at
time TB. After the INDF<1> and INDF<0> signals pro-
pagate through the NAND logic circuits 910, 920, 930,
and 940 of the pull-up logic circuit 900, the PREPU signal
changes to inactive. The change of the PREPU signal to
inactive deactivates the pull-up transistor of the boost
circuit 346. Thus, when the current data is represented by
a higher voltage than the previous data, the boost circuit
346 provides additional drive to pull up the common node
for a portion of the data period of the OUT signal, for
example, during the transition of the OUT signal to a
higher voltage. The voltage of the OUT signal changes
during the transition from one voltage level to another.
[0072] At time T2 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. In the
presentexample, the previous data priortotime T2is "10"
and the current data at time T2 is "11". Latching of the
current data "11" results in the D flip-flop 610 providing a
high logic level D<1> signal and the D flip-flop 640
providing a high logic level D<0> signal (not shown in
Figure 10) shortly after time T2. The INDF<1>is at a low
logic level and the INDF<0> signal is at a high logic level
based on the previous data due to the D flip-flops 620 and
660 of the input circuit not yet clocked by a rising edge of
the CLKF signal. As a result. the NAND logic circuit 940
provides an active PREPU signal at time TC to activate
the pull-up transistor of the boost circuit 346 and provide
additional drive to pull up the common node in providing
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the OUT signal. The activated boost circuit 346 assists
with driving the common node to a higher voltage of the
current data "11" from the voltage of the previous data
"10".

[0073] Attime T3, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The high logic level of the D<1> signal is latched
by the D flip-flop 620 to provide a high logic level IND<1>
signal (also resulting in a low logic level INDF<1> signal)
and the high logic level of the D<0> signal is latched by
the D flip-flop 660 to provide a high logic level IND<0>
signal (notshown in Figure 10, also resulting in a low logic
level INDF<0> signal) shortly after time T3. The IND<1>
and IND<0> signals are provided to the signal driver 300
to cause the pull-up transistors of the first and second
driver sections 320 and 330 to be activated, along with
the activated pull-up transistor of the boost circuit 346 that
provides additional drive to the common node. As aresult
an OUT signal is provided having the high supply voltage
(corresponding to outputdataof"11") attime TD. After the
INDF<1> and INDF<0> signals propagate through the
NAND logic circuits 910, 920, 930, and 940 of the pull-up
logic circuit 900, the PREPU signal changes to inactive to
deactivate the pull-up transistor of the boost circuit 346
after providing additional drive to pull up the common
node during the transition of the OUT signal to a higher
voltage. The voltage of the OUT signal changes during
the transition from one voltage level to another.

[0074] At time T4 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<O> bitstreams is
latched to provide the D<1> and D<0> signals. In the
presentexample, the previous data priortotime T4is"11"
and the current data at time T4 is "00". Latching of the
current data "00" results in the D flip-flop 610 providing a
low logic level D<1> signal and the D flip-flop 640 provid-
ing a low logic level D<0> signal (not shown in Figure 10)
shortly after time T4. Due to the complementary nature of
the of the DDF<1> and DDF<0> signals, the DDF<1>
signalis a highlogic level and the DDF<0> signal is a high
logic level. With reference to the pull-down logic circuit
950, the IND<1> is at a high logic level and the IND<0>
signal is at a high logic level based on the previous data
due to the D flip-flops 620 and 660 of the input circuit not
yet clocked by a rising edge of the CLKF signal. As a
result, the NAND logic circuit 990 provides an active
PREPD signal at time TE to activate the pull-down tran-
sistor of the boost circuit 346 and provide additional drive
to pull down the common node in providing the OUT
signal. The activated boost circuit 346 assists with driving
the common node to a lower voltage of the current data
"00" from the voltage of the previous data "11".

[0075] At time T5, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The low logic level of the D<1> signal is latched by
the D flip-flop 620 to provide a low logic level IND<1>
signal and the low logic level of the D<0> signal is latched
by the D flip-flop 660 to provide a low logic level IND<0>
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signal (not shown in Figure 10) shortly after time T5. The
IND<1> and IND<0> signals are provided to the signal
driver 300 to cause the pull-down transistors of the first
and second driver sections 320 and 330 to be activated,
along with the activated pull-down transistor of the boost
circuit 346 that provides additional drive to the common
node. As a result, an OUT signal is provided having a
voltage of the low supply voltage (corresponding to out-
putdata of "00") at time TF. After the IND<1>and IND<0>
signals propagate through the NAND logic circuits 960,
970, 980, and 990 of the pull-down logic circuit 950, the
PREPD signal changes to inactive. The change of the
PREPD signal to inactive deactivates the pull-down tran-
sistor of the boost circuit 346. Thus, when the current data
is represented by a lower voltage than the previous data.
the boost circuit 346 provides additional drive to pull down
the common node for a portion of the data period of the
OUT signal, for example, during the transition of the OUT
signal to a lower voltage. The voltage of the OUT signal
changes during the transition from one voltage level to
another.

[0076] At time T6 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<0> bitstreams is
latched to provide the D<1> and D<0> signals. In the
presentexample, the previous data priorto time T6is "11"
and the current data at time T6 is "10". Latching of the
current data "10" results in the D flip-flop 610 providing a
high logic level D<1> signal and the D flip-flop 640
providing a low logic level D<0> signal (not shown in
Figure 10) shortly after time T6. Additionally, the DDF<1>
signal is a low logic level and the DDF<0> signal is a high
logic level. The IND<1> is at a high logic level and the
IND<0> signal is at a high logic level based on the
previous data due to the D flip-flops 620 and 660 of the
input circuit not yet clocked by a rising edge of the CLKF
signal. As aresult. the NAND logic circuit 990 provides an
active PREPD signal at time TG to activate the pull-down
transistor of the boost circuit 346 and provide additional
drive to pull down the common node in providing the OUT
signal. The activated boost circuit 346 assists with driving
the common node to a lower voltage of the current data
"10" from the voltage of the previous data "11".

[0077] Attime T7, the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The high logic level of the D<1> signal is latched
by the D flip-flop 620 to provide a high logic level IND<1>
signal and the low logic level of the D<0> signal is latched
by the D flip-flop 660 to provide a low logic level IND<0>
signal (not shown in Figure 10) shortly after time T7. The
IND<1> and IND<0> signals are provided to the signal
driver 300 to cause the pull-up transistors of the first
driver section 320 to be activated and the pull-down
transistors of the second driver section 330 to be acti-
vated, along with the activated pull-down transistor of the
boost circuit 346 that provides additional drive to the
common node. As a result, an OUT signal is provided
having an intermediate-high voltage (corresponding to
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output data of "10") at time TH. After the IND<1> and
IND<0> signals propagate through the NAND logic cir-
cuits 960, 970, 980, and 990 of the pull-down logic circuit
950, the PREPD signal changes to inactive. The change
ofthe PREPD signal to inactive deactivates the pull-down
transistor of the boost circuit 346. Thus, when the current
data is represented by a lower voltage than the previous
data, the boost circuit 346 provides additional drive to pull
down the common node for a portion of the data period of
the OUT signal, for example, during the transition of the
OUT signal to a lower voltage. The voltage of the OUT
signal changes during the transition from one voltage
level to another.

[0078] At time T8 the D flip-flops 610 and 640 of the
input circuit 600 are clocked by a rising edge of the CLK
signal and the data of the IN<1> and IN<O> bitstreams is
latched to provide the D<1> and D<0> signals. In the
presentexample, the previous data priortotime T8 is "10"
and the current data at time T8 is "00". Latching of the
current data "00" results in the D flip-flop 610 providing a
low logic level D<1> signal and the D flip-flop 640 provid-
ing a low logic level D<0> signal (not shown in Figure 10)
shortly after time T8. Additionally, the DDF<1> signal is a
high logic level and the DDF<0> signal is a high logic
level. The IND<1> is at a high logic level and the IND<0>
signal is at a low logic level based on the previous data
due to the D flip-flops 620 and 660 of the input circuit not
yet clocked by a rising edge of the CLKF signal. As a
result, the NAND logic circuit 990 provides an active
PREPD signal at time TI to activate the pull-down tran-
sistor of the boost circuit 346 and provide additional drive
to pull down the common node in providing the OUT
signal. The activated boost circuit 346 assists with driving
the common node to a lower voltage of the current data
"00" from the voltage of the previous data "10".

[0079] At time T9. the D flip-flops 620 and 660 of the
input circuit 600 are clocked by a rising edge of the CLKF
signal. The low logic level of the D<1> signal is latched by
the D flip-flop 620 to provide a low logic level IND<1>
signal and the low level of the D<0> signal is latched by
the D flip-flop 660 to provide a low logic level IND<0>
signal (not shown in Figure 10) shortly after time T9. The
IND<1> and IND<0> signals are provided to the signal
driver 300 to cause the pull-down transistors of the first
and second driver sections 320 and 330 to be activated,
along with the activated pull-down transistor of the boost
circuit 346 that provides additional drive to the common
node. As a result, an OUT signal is provided having a
voltage of the low supply voltage (corresponding to out-
put data of "00") at time TJ. After the IND<1>and IND<0>
signals propagate through the NAND logic circuits 960,
970, 980, and 990 of the pull-down logic circuit 950. the
PREPD signal changes to inactive. The change of the
PREPD signal to inactive deactivates the pull-down tran-
sistor of the boost circuit 346. Thus, when the currentdata
is represented by a lower voltage than the previous data,
the boost circuit 346 provides additional drive to pulldown
the common node for a portion of the data period of the
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OUT signal, for example, during the transition of the OUT
signal to a lower voltage. The voltage of the OUT signal
changes during the transition from one voltage level to
another.

[0080] In some embodiments of the disclosure, PAM8
is used to convert three bitstreams (e.g., IN<2>, IN<1>,
and IN<0> bitstreams) into an OUT output signal having
one of eight different voltage levels.

[0081] Figure 11 is a schematic diagram of a signal
driver 1100 according to an embodiment of the disclo-
sure. The signal driver 1100 may be used for a multilevel
signal architecture implementing PAM8 encoding. The
driver circuit 1100 may be included in the driver circuit215
of Figure 2B in embodiments of the disclosure. The signal
driver 1100 includes a driver circuit including seven line
drivers coupled to acommon node thatis an output. Each
of the signal line drivers are coupled to a high supply
voltage (e.g., VDDQ) and to a low supply voltage (e.g.,
VSSQ). The signal driver 1100 may be a driver in a
DRAM, such as a double data rate (DDR) DRAM driver.
In some embodiments of the disclosure, each of the
signal line drivers has an impedance of 240 ohms.
[0082] The driver circuit 1100 may include a first driver
section 1120, a second driver section 1130, and a third
driver section 1140 configured to drive an output signal
OUT to a common node to which the first, second, and
third driver sections 1120. 1130, and 1140 are coupled. A
signal line may be coupled to the common node. The
output signal OUT may be driven by the first, second, and
third driver sections 1120, 1130, and 1140 based on
IN<2>, IN<1>, and IN<O> bitstreams. As will be de-
scribed in more detail below, signals DD<2>, DD<1>,
and DD<0>, which are based on the IN<2>, IN<1>, and
IN<0> bitstreams, respectively, may be provided to the
signal line drivers of the driver circuit 1100. The output
signal OUT may be a multilevel signal representing data
ofthe IN<2>, IN<1>, and IN<0> bitstreams that drives the
I/0 bus. In some embodiments of the disclosure, "1" data
is represented by the IN<2> signal, IN<1> signal, or
IN<0> signal having a voltage of 1.2 V, and "0" data is
represented by the IN<2>. IN<1> signal, or IN<0> signal
having a voltage of 0 V. However, other voltage levels
may be used to represent the "1" and "0" data in other
embodiments of the disclosure.

[0083] The first driver section 1120 may include four
signal line drivers coupled to the common node, each
controlled responsive to the DD<2> signal. Each signal
line driver may include a pull-up (e.g., p-type) transistor
and a pull-down (e.g., n-type) transistor. The second
driver section 1130 may include two signal line drivers
coupled to the common node, each controlled responsive
to the DD<1> signal, and each signal line driver may
include a pull-up (e.g., p-type) transistor and a pull-down
(e.g., n-type) transistor. The third driver section 1130 may
include one signal line driver coupled to the common
node and controlled responsive to the DD<0> signal. The
signal line driver of the third driver section 1130 may
include a pull-up (e.g., p-type) transistor and a pull-down
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(e.g., n-type) transistor. In an embodiment of the disclo-
sure, where each signal line driver has an impedance of
240 ohms, the first driver section 1120 has an effective
impedance of 60 ohms, the second driver section 1130
has an effective impedance of 120 ohms, and the third
driver section 1140 has an effective impedance of 240
ohms.

[0084] The signal driver 1100 further includes a boost
circuit 346 that receives control signals PREPU and
PREPD from boost control circuit 1144. The boost control
circuit 1144 includes logic circuits and provides control
signals PREPU and PREPD to the signal driver 1100
based on the IN<2>, IN<1>, and IN<0> bitstreams. The
boost circuit 1146 is coupled to the common node and
includes a pull-up (e.g., p-type) transistor and a pull-down
(e.g., n-type) transistor, which are controlled by the PRE-
PU and PREPD signals, respectively. In the embodiment
of Figure 11, the PREPU signal is active when at a high
logic level to activate the pull-up transistor and the
PREPD signal is active when at a high logic level to
activate the pull-down transistor. When activated by an
active PREPU signal from the boost control circuit 1144,
the pull-up transistor provides additional drive to pull up
the level of the signal line. Similarly, when activated by an
active PREPD signal from the boost control circuit x1144,
the pull-down transistor provides additional drive to pull
down the level of the signal line. In some embodiments of
the disclosure, a PREPU signal or PREPD signal having
the highlogic level is represented by a signal of 1.2V, and
a PREPU signal or PREPD signal having the low logic
level is represented by a signal of 0 V. However, other
voltage levels may be used to represent the "1" and "0"
data in other embodiments of the disclosure.

[0085] As will be described in more detail below, the
pull-up transistor of the boost circuit 346 may be activated
when the IN<2>, IN<1>, and IN<0> bitstreams represent
data corresponding to a voltage level of a high supply
voltage (e.g., representing data "111"), and the pull-down
transistor may be activated when the IN<2>, IN<1>, and
IN<O> bitstreams represent data corresponding to a
voltage level of a low supply voltage (e.g., representing
data "000"). While Figure 11 shows the boost circuit 1146
as including one pull-up transistor and one pull-down
transistor, in other embodiments of the disclosure, the
boost circuit 1146 may include a greater number of pull-
up and/or pull-down transistors. Thus, the embodiment of
Figure 11 is not intended to limit boost circuits, or more
generally, driver circuits, to embodiments of the disclo-
sure having the specific configuration shown in Figure 11.
[0086] In operation, the signal driver 1100 may drive
the OUT signal responsive to the IN<2>, IN<1>, and
IN<O> bitstreams. The DD<2>. DD<1>, DD<0> signals,
which are based on the IN<2>, IN<1>, and IN<0> bit-
streams, are provided to the signal line drivers of the
driver sections 1120, 1130, and 1140 to provide an output
signal OUT having appropriate voltage for the multilevel
signal, for example, using PAM to convert a plurality of
bitstreams into a multilevel signal.
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[0087] In some embodiments of the disclosure, PAM8
is used to convert three bitstreams (e.g.. the IN<2>,
IN<1>, and IN<0> bitstreams) into an OUT signal having
one of eight different voltage levels. By way of the DD<2>
signal, the IN<2> bitstream may be provided to the signal
line drivers of the first driver section 1120; by way of the
DD<1> signal, the IN<1> bitstream may be provided to
the signal line drivers of the second driver section 1130;
and by way of the DD<2> signal, the IN<0> bitstream may
be provided to the signal line drivers of the third driver
section 1140. The resulting output signal will have one of
eight different voltages corresponding to the data of the
IN<2>, IN<1>, and IN<0> bitstreams.

[0088] Forexample, where a currentdata of the IN<2>,
IN<1>, and IN<0> bitstreams is a "000", the pull-down
transistors of the driver sections 1120, 1130, and 1140 are
activated to pull down the common node to the low supply
voltage to provide an output signal OUT having the
voltage of the low supply voltage. Where a current data
of the IN<2>, IN<1>, and IN<0> bitstream is a "111", the
pull-up transistors of the driver sections 1120, 1130, and
1140 are activated to pull up the common node to the high
supply voltage to provide an output signal OUT having
the voltage of the high supply voltage. The six other data
represented by the three bits may have intermediate
voltages between the high and low supply voltages.
[0089] The first driver section 1120, the second driver
section 1130, the third driver section 1140, and the boost
circuit 1146 are shown in Figure 11 as including p-type
pull-up transistors and n-type pull-down transistors. That
is, the pull-up and pull-down transistors have different
conductivity types. In other embodiments of the disclo-
sure, the first driver section 1120, the second driver
section 1130, and the boost circuit 1146 may include n-
type pull-up transistors, or a combination of p-type and n-
type pull-up transistors. In embodiments of the disclosure
using n-type pull-up transistors, which are activated by a
high logic level signal (e.g., having the high supply vol-
tage), the logic level of the signals provided to gates of the
n-type pull-up transistors will have a complementary logic
level to signals provided to the gates of p-type pull-up
transistors. A signal having a complementary logic level
may be provided by using an inverter circuit.

[0090] Figure 12 is a schematic diagram of an input
circuit 1200 according to an embodiment of the disclo-
sure. The input circuit 1200 may be included in the input
circuit 243 of Figure 2B for some embodiments of the
disclosure. The input circuit 1200 includes D flip-flop
circuits 1210 and 1220, D flip-flop circuits 1230 and
1240, and D flip-flop circuits 1250 and 1260. The D
flip-flop circuit 1210 receives the IN<2> bitstream, the
D flip-flop circuit 1230 receives the IN<1> bitstream and
the D flip-flop circuit 1250 receives the IN<0> bitstream.
The D flip-flop circuits 1210, 1230, and 1250 are clocked
by a clock signal CLK. The D flip-flop circuits 1220, 1240.
and 1260 are clocked by a clock signal CLKF, which is the
complement to the CLK signal. The D flip-flop circuits
1210, 1220, 1230, 1240, 1250, and 1260 may be reset to
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provide an output having a known logic level when an
active reset signal RST is provided to the D flip-flop
circuits. The D flip-flop circuits 1210, 1220. 1230,
1240. 1250, and 1260 may be reset, for example, upon
reset of the semiconductor device, as part of a power up
sequence, etc.

[0091] Inoperation, the D flip-flop circuit 1210 latches a
current logic level of the IN<2> bitstream responsive to a
rising edge of the CLK signal and provides an output
signal D<2> having the same logic level as the latched
logic level. The D flip-flop circuit 1220 latches the logic
level of the D<2> signal responsive to a rising edge of the
CLKF signal and provides an output signal DD<2> having
the same logic level as the latched logic level. The D flip-
flop circuit 1230 latches a current logic level of the IN<1>
bitstream responsive to a rising edge of the CLK signal
and provides an output signal D<1> having the same
logic level as the latched logic level. The D flip-flop circuit
1240 latches the logic level of the D<1> signal responsive
toarising edge of the CLKF signal and provides an output
signal DD<1> having the same logic level as the latched
logic level. Likewise, the D flip-flop circuit 1250 latches a
current logic level of the IN<O> bitstream responsive to a
rising edge of the CLK signal and provides an output
signal D<0> having the same logic level as the latched
logic level. The D flip-flop circuit 1260 latches the logic
level of the D<0> signal responsive to a rising edge of the
CLKF signal and provides an output signal DD<0> having
the same logic level as the latched logic level. As pre-
viously described, the DD<2>. DD<1>, and DD<0> sig-
nals, which are based on the IN<2>, IN<1>, and IN<0>
bitstreams, are provided to the driver sections 1120,
1130, and 1140, all respectively, of the signal driver 1100.
[0092] With reference to the CLK signal, the IN<2>,
IN<1>, and IN<0> bitstreams are latched and the D<2>,
D<1>, and D<0> signals provided responsive to a rising
edge of the CLK signal, and the D<2>, D<1>, and D<0>
signals are latched and the DD<2>, DD<1>, and DD<0>
signals are provided responsive to a falling edge of the
CLK signal (i.e., the rising edge of the CLKF signal).
Thus, the DD<2>, DD<1>, and DD<0> signals have
the logic levels of the D<2>, D<1>, and D<0> signals
delayed by one-half a clock period of the CLK signal.
[0093] Figure 13Ais a schematic diagram of a pull-up
logic circuit 1300 according to an embodiment of the
disclosure. The pull-up logic circuit 1300 may be included
in the boost control circuit 245 of Figure 2B in some
embodiments of the disclosure. The pull-up logic circuit
1300 includes a NAND logic circuit 1310 that receives the
D<2>, D<1>, and D<0> signals, for example, from the
input circuit 1200, and provides an output signal D_111F
that results from a NAND logic operation of the D<2>,
D<1>, and D<0> signals. The pull-up logic circuit 1300
further includes a NAND logic circuit 1320 that receives
the DD<2>, DD<1>, and DD<0> signals, for example
from the input circuit 1200. The NAND logic circuit
1320 provides an output signal DD_111F resulting from
a NAND logic operation on the DD<2>, DD<1>, and
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DD<0> signals to an inverter circuit 1330. The inverter
circuit 1330 provides an output signal DD_111 that is the
complement of the DD_111F signal. A NOR logic circuit
receives the D_111F signal from the NAND logic circuit
1310and the DD_111 signal from the inverter circuit 1330
and provides an output signal PREPU that results from a
NOR logic operation.

[0094] In operation, the logic circuit 1300 provides an
active PREPU signal (e.g., active high logic level) when
the data of the IN<2>, IN<1>, and IN<O> bitstreams
changes from a previous value to a current data of
"111". That is, where the previous data represented by
the IN<2>, IN<1>, and IN<0> bitstreams is "000", "001",
"010","011","100","101", or "110", and the data changes
to a current data of "111", the logic circuit 1300 provides
an active PREPU signal. The logic circuit 1300 provides
an inactive PREPU signal for other changes from a
previous data to a current data represented by the
IN<2>, IN<1>, and IN<0> bitstreams. That is, the logic
circuit 1300 provides an inactive PREPU signal for the
IN<2>, IN<1>, and IN<0> bitstreams changing from a
previous data to current data of "000","001","010", "011",
"100","101", or"110". The active PREPU signal provided
by the logic circuit 1300 may be used to activate a boost
circuit, for example, the boost circuit 1146 of the signal
driver 1100. to provide additional drive to assist driving
the common node to the high supply voltage to provide an
OUT signal having a voltage of the high supply voltage.
The PREPU signal is active for a portion of the data period
of the OUT signal. For example, in some embodiments of
the disclosure, the PREPU signalis limited to being active
to assist the driving of the common node to the high
supply voltage.

[0095] The NAND logic circuit 1310 provides a low
logic level D_111F signal when D<2>, D<1>, and D<0>
are all a high logic level (i.e., resulting from the IN<2>,
IN<1>, and IN<0> bitstreams representing a current data
of "111"). The inverter circuit 1330 coupled to the NAND
logic circuit 1320 provides a low logic level DD_111 when
DD<2>, DD<1>, and DD<0> signals are all a high logic
level (i.e., resulting from D<2>, D<1>, and D<0> all a high
logic level). Recall that the DD<2>, DD<1>, and DD<0>
signals are delayed relative to the D<2>. D<1>,and D<0>
signals, for example. by one-half a clock period of the
CLK signal. The NOR logic gate 1340 provides an active
PREPU signal (e.g. active high logic level) when the
D_111F and DD_111 signals have low logic levels. As
a result, the PREPU signal is active when the D<2>,
D<1>, and D<0> signals are at a high logic level, and
for one-half a clock cycle of the CLK signal following a
rising edge of the CLK signal. The PREPU signal is active
for one-half a clock cycle of the CLK signal because the
one-half clock cycle delay of the DD<2>, DD<1>, and
DD<0> signals relative to the D<2>, D<1>, and D<0>
signals will resultin the DD_111 signal being at a low logic
level while the D_111F signal is at a low logic level (from
D<2>, D<1>, and D<0> being a high logic level), but for
one-half a clock cycle of the CLK signal before DD<2>,
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DD<1>, and DD<0> also become a high logic level
(resulting from the D<2>, D<1>, and D<0> signals being
at the high logic level). As a result, the PREPU signal is
active for one-half a clock cycle of the CLK signal.
[0096] Figure 13B is a schematic diagram of a pull-
down logic circuit 1350 according to an embodiment of
the disclosure. The pull-down logic circuit 1350 may be
included in the boost control circuit 245 of Figure 2B in
some embodiments of the disclosure. The pull-down
logic circuit 1350 includes a NOR logic circuit 1360 that
receives the D<2>, D<1>, and D<0> signals, for exam-
ple, from the input circuit 1200. and provides an output
signal D_000 that results from a NOR logic operation of
the D<2>, D<1>, and D<0> signals. The D_000 signal is
provided to an inverter circuit 1380. The inverter circuit
1380 provides an output signal D_000F that is the com-
plement of the D_000 signal. The pull-down logic circuit
1350 further includes a NOR logic circuit 1370 that re-
ceives the DD<2>, DD<1>, and DD<0> signals, for ex-
ample from the input circuit 1200, and provides an output
signal DD_000 resulting from a NOR logic operation on
the DD<2>, DD<1>, and DD<0> signals. A NOR logic
circuit 1390 receives the D_00OF signal from the inverter
circuit 1380 and the DD_000 signal from the NOR logic
circuit 1370 and provides an output signal PREPD that
resulting from a NOR logic operation.

[0097] In operation, the logic circuit 1350 provides an
active PREPD signal (e.g.. active high logic level) when
the data of the IN<2>, IN<1>, and IN<O> bitstreams
changes from a previous value to a current data of
"000". That is, where the previous data represented by
the IN<2>, IN<1>, and IN<0O> bitstreams is "001", "010",
"011","100","101","110", or "111", and the data changes
to a current data of "000", the logic circuit 1350 provides
an active PREPD signal. The logic circuit 1350 provides
an inactive PREPD signal for other changes from a
previous data to a current data represented by the
IN<2>, IN<1>, and IN<0> bitstreams. That is, the logic
circuit 1350 provides an inactive PREPD signal for the
IN<2>, IN<1>, and IN<O> bitstreams changing from a
previous data to currentdata of"001","010", 011", "100",
"101","110", or "111". The active PREPD signal provided
by the logic circuit 1350 may be used to activate a boost
circuit, for example, the boost circuit 1146 of the signal
driver 1100, to provide additional drive to assist driving
the common node to the low supply voltage to provide an
OUTsignal having a voltage of the low supply voltage. As
will be described in more detail below, the PREPD signal
is active for a portion of the data period of the OUT signal.
Forexample, in some embodiments of the disclosure, the
PREPD signal is limited to being active to assist the
driving of the common node to the low supply voltage.
[0098] The inverter circuit 1380 coupled to the NOR
logic circuit 1360 provides a low logic level D_00OF signal
when D<2>, D<1>,and D<0> are all alow logic level (i.e.,
resulting from the IN<2>, IN<1>, and IN<0> bitstreams
representing a current data of "000"). The NOR logic
circuit 1370 provides a high logic level DD_000 signal
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when DD<2>, DD<1>, and DD<0> are all alow logic level
(i.e., resulting from D<2>, D<1>, and D<0> all a low logic
level). Recall that the DD<2>, DD<1>, and DD<0> sig-
nals are delayed relative to the D<2>, D<1>, and D<0>
signals, for example, by one-half a clock period of the
CLK signal. The NOR logic gate 1390 provides an active
PREPD signal (e.g. active high logic level) when the
D_000F and DD_000 signals have low logic levels. As
a result, the PREPD signal is active when D<2>, D<1>,
and D<0> are at a low logic level, and for one-half a clock
cycle of the CLK signal following a rising edge of the CLK
signal. The PREPD signal is active for one-half a clock
cycle of the CLK signal because the one-half clock cycle
delay ofthe DD<2>, DD<1>, and DD<0> relative to D<2>,
D<1>, and D<0> will result in the DD_000 signal being at
a low logic level while the D_00OF signal is at a low logic
level (from D<2>, D<1>, and D<0> being a low logic
level), but for one-half a clock cycle of the CLK signal
before the DD<2>, DD<1>, and DD<0> signals also
become a low logic level (resulting from the D<2>.
D<1>, and D<0> signals being at the low logic level)
and the NOR logic circuit 1370 provides a high logic level
DD_000. As aresult, the PREPD signal is active for one-
half a clock cycle of the CLK signal.

[0099] Figure 14 illustrates a portion of a memory 1400
according to an embodiment of the present disclosure.
The memory 1400 includes an array 1402 of memory
cells, which may be, for example, volatile memory cells,
non-volatile memory cells, DRAM memory cells, SRAM
memory cells, flash memory cells, or some other types of
memory cells. The memory 1400 includes a command
decoder 1406 that receives memory commands through
a command bus 1408. The command decoder 1406
responds to memory commands received through the
memory bus 1408 to perform various operations on the
array 1402. For example, the command decoder 1406
provides control signals to read data from and write data
to the array 1402 for read commands and write com-
mands.

[0100] The memory 1400 further includes an address
latch 1410 that receives memory addresses through an
address bus 1420, for example, row and column ad-
dresses. The address latch 1410 then outputs separate
column addresses and separate row addresses. The row
and column addresses are provided by the address latch
1410 to a row address decoder 1422 and a column
address decoder 1428, respectively. The column ad-
dress decoder 1428 selects bit lines extending through
the array 1402 corresponding to respective column ad-
dresses. The row address decoder 1422 is connected to
word line driver 1424 that activates respective rows of
memory cells inthe array 1402 corresponding to received
row addresses.

[0101] The selected dataline (e.g., abitline or bitlines)
corresponding to a received column address are coupled
to aread/write circuitry 1430 to provide read datato a data
output circuit 1434 via an input-output data bus 1440. The
data output circuit 1434 may include multilevel signal

10

15

20

25

30

35

40

45

50

55

19

36

drivers 1435 that are configured to drive multilevel vol-
tages on signal lines of an output data bus. The multilevel
signal drivers 1435 may include signal drivers according
to embodiments of the disclosure, including for example,
the signal drivers and circuits previously shown and
described, or combinations thereof. Write data to be
written to the array 1402 are received by the data input
circuit 1444 and provided over the input-output data bus
1440 to the read/write circuitry 1430. The data is then
written to the array 1402 in the memory cells correspond-
ing to the row and column addresses of the write com-
mand.

[0102] From the foregoing it will be appreciated that,
although specific embodiments of the disclosure have
been described herein for purposes of illustration, var-
ious modifications may be made without deviating from
the spirit and scope of the disclosure. Accordingly, the
scope disclosure should not be limited any of the specific
embodiments described herein.

[0103] The following is a non-exhautive list of num-
bered embodiments which may be claimed:

1. An apparatus, comprising:

adriver circuit configured to provide ata node an
output signal having a voltage indicative of a
value of the data represented by a plurality of
input bitstreams;

a boost circuit coupled to the node and config-
ured to couple a supply voltage to the node when
activated by an active boost signal; and

a boost control circuit configured to provide the
boost signal to activate the boost circuit respon-
sive to the data represented by the plurality of
input bitstreams changing from a first value to a
second value different from the first value.

2. The apparatus of embodiment 1 wherein the sup-
ply voltage comprises a high supply voltage and
wherein the second value of the data is indicated
by the output signal having a voltage of the high
supply voltage.

3. The apparatus of embodiment 1 wherein the sup-
ply voltage comprises a high supply voltage and
wherein the second value is indicated by the output
signal having a voltage that is greater than a voltage
of the output signal indicative of the first value.

4. The apparatus of embodiment 1 wherein the sup-
ply voltage comprises a low supply voltage and
wherein the second value of the data is indicated
by the output signal having a voltage of the low
supply voltage.

5. The apparatus of embodiment 1 wherein the sup-
ply voltage comprises a low supply voltage and
wherein the second value is indicated by the output
signal having a voltage that is less than a voltage of
the output signal indicative of the first value.

6. The apparatus of embodiment 1 wherein the driver
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circuit comprises:

a first driver section configured to be activated
responsive to bit values a first bitstream of the
plurality of bitstreams; and

a second driver section configured to be acti-
vated responsive to bit values a second bit-
stream of the plurality of bitstreams.

7. The apparatus of embodiment 6 wherein the first
driver section comprises a first plurality of signal line
drivers and wherein the second driver section com-
prises a second plurality of signal line drivers, each of
the signal line drivers of the first and second plural-
ities of signal line drivers comprising:

a p-type transistor coupled between the node
and a high supply voltage; and

an n-type transistor coupled between the node
and a low supply voltage.

8. The apparatus of embodiment 1 wherein the boost
control circuit is configured to activate the boost
circuit to provide additional drive to change the vol-
tage of the node when a voltage of the output signal
changes.

9. A method, comprising:

driving at a node of a driver circuit a multilevel
output signal having a voltage indicative of data
represented by logic levels of bits of a plurality of
bitstreams; and

additionally driving the node with a boost circuit
responsive to the logic levels of the bits of the
plurality of bitstreams.

10. The method of embodiment 9 wherein addition-
ally driving the node comprises providing additional
drive to change the voltage of the node for a portion of
a data period of the data represented by the logic
levels of bits of a plurality of bitstreams.

11. The method of embodiment 9 wherein addition-
ally driving the node comprises providing additional
drive to change the voltage of the node responsive to
the bits of the plurality of bitstreams changing from
previous logic levels to current logic levels.

Claims

An apparatus comprising:

afirstdriver section configured to drive an output
terminal toward a first selected one of a first
voltage and a second voltage;

a second driver section configured to drive the
output terminal toward a second selected one of
the first voltage and the second voltage; and
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a third driver section configured to drive the
output terminal toward the first voltage when
each of the first selected one and the second
selected one is the first voltage, the third driver
circuit further configured to be in a high impe-
dance state when the first selected one and the
second selected one are different from each
other.

The apparatus of claim 1, wherein the third driver
circuit is further configured to drive the output term-
inal toward the second voltage when each of the first
selected one and the second selected one is the
second voltage.

The apparatus of claim 1, wherein the first, second
and third driver circuits are different in drive strength
from one another.

The apparatus of claim 1, wherein the first driver
circuit includes a plurality of first signal line drivers
each configured to drive the output terminal, the
second driver circuit includes a plurality of second
signal line drivers configured to drive the output
terminal and the third driver circuit includes at least
one signal line driver configured to drive the output
terminal; and

wherein the plurality of first driver units, the plurality
of second driver units and the third driver unit are
controlled to be equal in drive strength to one an-
other.

The apparatus of claim 1, wherein each of the first,
second and third driver circuits includes at least one
first transistor configured to drive the output terminal
toward the first voltage and at least one second
transistor configured to drive the output terminal
toward the second voltage;

wherein gates of the first and second transistors
of the first driver circuit are coupled in common;
wherein gates of the first and second transistors
of the second driver circuit are coupled in com-
mon; and

wherein gates of the first and second transistors
of the third driver circuit are decoupled to each
other.

The apparatus of claim 5, wherein each of the first
transistors of the first, second and third driver circuits
is different in conductivity type from each of the
second transistors of the of first, second and third
driver circuits.

An apparatus, comprising:

a driver circuit configured to provide an output
signal at a node responsive to a plurality of input
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signals, each of the plurality of input signals
having a respective logic level, the output signal
having a voltage representing the logic levels of
the plurality of input signals;

a boost circuit including a transistor coupled to
the node and a supply voltage, when activated
the boost circuit configured to provide additional
drive to change the voltage of the node; and

a boost control circuit configured to provide a
signal to activate the boost circuit based on the
logic levels of the plurality of input signals.

The apparatus of claim 7 wherein the transistor of the
boost circuit comprises a pull-up transistor and the
supply voltage is a high supply voltage, and wherein
the boost control circuit is configured to provide the
signal to activate the boost circuit responsive to the
driver circuit providing an output signal having a
voltage indicative of the plurality of input signals
having high logic levels.

The apparatus of claim 7 wherein the transistor of the
boost circuit is a pull-down transistor and the supply
voltage is a low supply voltage, and wherein the
boost control circuit is configured to provide the
signal to activate the boost circuit responsive to
the driver circuit providing an output signal having
a voltage indicative of the plurality of input signals
having low logic levels.

The apparatus of claim 7 wherein the transistor of the
boost circuit comprises a pull-up transistor and the
supply voltage is a high supply voltage, and wherein
the boost control circuit is configured to provide the
signal to activate the boost circuit responsive to the
plurality of input signals changing from logic levels
indicated by the output signal having a first voltage to
logic levels indicated by the output signal having a
second voltage greater than the first voltage.

The apparatus of claim 7 wherein the transistor of the
boost circuit comprises a pull-down transistor and
the supply voltage is a low supply voltage, and
wherein the boost control circuit is configured to
provide the signal to activate the boost circuit re-
sponsive to the plurality of input signals changing
from logic levels indicated by the output signal hav-
ing a first voltage to logic levels indicated by the
output signal having a second voltage less than
the first voltage.

The apparatus of claim 7 wherein the transistor
comprises a pull-up transistor and the supply voltage
comprises a high supply voltage, and wherein the
boost circuit further includes a pull-down transistor
coupled to a low supply voltage, the boost control
circuit configured to activate the boost circuit to
provide additional drive through the pull-up transistor
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to increase the voltage of the node and to provide
additional drive through the pull-down transistor to
decrease the voltage of the node.

The apparatus of claim 7 wherein the transistor
comprises a p-type transistor.

The apparatus of claim 7 wherein the transistor
comprises a n-type transistor.
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